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ABSTRACT
Plants use root-to-shoot signaling to coordinate shoot development with 
the conditions experienced by the roots. A root-to-shoot signaling molecule had 
been implicated in the Arabidopsis bypass 1 (bpsl) mutant. The bpsl mutant 
exhibits defective shoot and root growth that is associated with over-production 
of a root-derived signal, the bps signal. Our main goal is to characterize the bps 
signal chemically and work on purification steps for the identification of the bps 
signal. Our strategy was to create several mutants with altered levels of bps 
signal, fractionate extracts, test fractions for activity using a bioassay, and 
analyze the active the fraction using mass spectrometer.
I developed a bioassay to follow the bps signal, which is based on the 
growth-reducing activity using the pCYCB1;1::GUS cell cycle marker. Using the 
bioassay, we revealed that the bps signal is neither a protein nor RNA but it is a 
small metabolite. Using the bioassay and several SPE fractionation procedures, 
including C-18, HILIC, and MCX we showed that the bps signal is a polar, 
positively charged metabolite.
We used genetic and chemical inhibitor approaches to characterize the 
biosynthetic pathway of the bps signal. We showed that bpsl mutants were 
resistant to 5-MT, an analog of Tryptophan (Trp). When Trp biosynthesis was 
limited in bpsl mutants, by creating double mutants with trp2 and trp3 mutants,
leaf development was partially rescued. The rescued phenotype was restored 
when trp2 bpsl double mutants were grown on media containing Trp. Using the 
bioassay, we further showed that trp2 bpsl double mutants have a reduced level 
of the bps signal.
To characterize the bps signal chemically, we analyzed the numbers and 
level of compounds in bpsl, trp2 bpsl, and cyp79B2 cyp79B3 bpsl mutants by 
HPLC using pHILIC analytical column. Analysis using negative and positive 
mode MS revealed that there were one and two potential bps signal candidates. 
Further fractionation of the extracts using a pHILIC semipreparative column and 
testing the fractions for activity revealed that a single 30-second fraction showed 
the bps signal activity. However, the compounds in the active 30-second fraction 
were different than the putative bps signal candidates obtained from pHILIC 
analytical column. Further fractionating the active 30-second fraction using 
cHILIC (pH 3.2) chromatography revealed that there were many more 
compounds in that fraction. Much additional work is required before we can 
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Cell signaling is a mode of communication that governs basic cellular 
activities and coordinates cell actions. In multicellular organisms, cells need to 
perceive, communicate, and correctly respond to the environment to coordinate 
the actions of cells, organs, and tissues. Classical signaling is triggered when a 
signaling molecule activates a specific receptor located on the cell surface or 
inside the cell. In turn, the receptor triggers a biochemical chain of events inside 
the cell, creating a response. Correct signaling is the basis of proper 
development, tissue repair, and immunity as well as normal tissue homeostasis. 
Signaling can occur within and between cells and different types of molecules 
can function as signals.
Plants are subjected to changes in their environment, e.g., light, dark, and 
temperature, which cause them to alter their metabolism, physiology, and 
development. In order to coordinate the changing environment and their 
development, signaling networks are required. Some plant organs perceive 
environmental information such as the presence of pathogens, and transmit this 
information so defense responses can be elevated. Several types of molecules 
are involved in the cellular communication in plants. Groups of signaling 
molecules include plant hormones, mRNAs, peptides, small metabolites, and 
miRNAs1.
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1.2 Signaling molecules in plants
One of the major groups of plant signaling compounds are the plant 
hormones (phytohormones), which include auxin, abscisic acid (ABA), cytokinin, 
strigolactone, gibberellins, Brassinosteroids, ethylene, salicylic acid (SA), and 
jasmonic acid (JA)2. Auxin was the first plant hormone discovered. Indole-3 
acetic acid (IAA), which is chemically similar to the amino acid tryptophan, is the 
major naturally produced auxin. Auxin is mainly produced in the young, 
expanding leaves of the shoot apex and transported down the stem by a polar 
transport system. Auxin induces many responses, depending on the tissue, plant 
species, and age, including stimulating cell elongation, division, and 
differentiation, delaying leaf senescence, suppressing growth of lateral buds, 
inducing vascular tissue differentiation, promoting leaf and fruit abscission, and 
inducing fruit set and growth3,4. ABA is another plant hormone, and it functions in 
seed maturation processes, acquisition of drought tolerance, and dormancy. 
During vegetative growth, ABA is thought to be the key hormone that confers 
tolerance to environmental stresses, most notably drought and high salinity5. 
Cytokinin is another plant hormone that is synthesized by the biochemical 
modification of adenine6. It is generally synthesized in the roots and is 
translocated to the shoots via xylem. It stimulates cell division, morphogenesis of 
plant cells, growth of lateral buds, including release of apical dominance, and leaf 
expansion, and delay senescence of tissues7,8. Gibberellins are another plant 
hormone, and they are synthesized from acetyl CoA in young tissues of the shoot 
and the germinating seeds9. Gibberellins stimulate stem elongation by
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stimulating cell division and elongation, stimulate bolting/flowering in response to 
long days, break seed dormancy, and induce germination10 . Another plant 
hormone is carotenoid-derived strigolactone that is synthesized in the roots and 
inhibit shoot branching. It also functions environmentally to communicate with 
mycorrhizal fungi11-13. SA and JA are the major hormones in triggering pathogen 
resistance responses14.
Peptides are another major group of signaling molecules that largely relay 
information that coordinates cell proliferation and differentiation. Two major 
groups of peptide signaling molecules in Arabidopsis are the 
CLAVATA3/ENDOSPERM SURROUNDING REGION (CLE) peptide family, and 
the EPIDERMAL PATTERNING FACTOR (EPF) family. The CLE peptide 
families are synthesized as precursors, and have a conserved 12-14 amino acid 
CLE motif at or near the C-terminus. A group of CLE peptides that are known to 
play an important role in stem cell maintenance include CLV3 (which functions in 
the shoot), CLE40 (which functions in roots), and CLE 41 (which functions in 
vascular meristem). The EPF family of peptides plays a predominant role in 
patterning the leaf epidermis. Four EPF family members have been 
characterized with respect to stomata development: EPF1, EPF2, STOMAGEN, 
and CHALLAH (CHAL). Collectively, these peptides influence both the frequency 
and orientation of asymmetric cell division that create guard cells and also 
enforce patterning rules that ensure that two stomata are not in direct physical 
contact15.
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Reactive oxygen species (ROS), which include hydrogen peroxide (H2O2), 
superoxide radical (O2-), hydroxyl radical (OH-), and singlet oxygen (1O2), act as 
signaling molecules. Chemically, ROS can be highly detrimental to cellular 
function, but genetic evidence suggests that ROS can also act as a plant- 
signaling molecule. For example, H2O2 production is triggered during abiotic 
stress. When ROS concentration is increased, it acts as a signal by modifying 
the expression of defense genes. The change in the gene expression occurs 
due to the oxidation of components of the signaling pathway that result in the 
activation of the transcription factors16. Additional roles for ROS include cell-cell 
and long-distance communication in response to pests, mechanical wounding, 
heat, cold, high-intensity light, and salinity stress17. ROS accumulation is 
required to propagate information long distances under these diverse 
environmental stimuli. ROS-based communication is mediated by superoxide 
generated by RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD) 
enzyme and its reactive derivatives or both. ROS produced by RBHOD travels 
along the plant’s stem and mediates several responses, including transcriptional 
regulation of target genes17.
1.3 Intra-organ signaling
Signaling within organs is integral for the coordinated behavior of cells in 
the community that makes up an organ. Signaling molecules like peptides, small 
RNAs, and phytohormones serve an important function in intra-organ 
communication. Transport of this group of signaling molecules occurs through 
symplastic and apoplastic pathways. The symplast is the area inside cells and
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symplastic movement includes transport through plasmodesmata, which are 
plasma membrane-lined pores that cross cell walls of adjacent cells and thus 
connect their cytoplasms, allowing cell-cell communication. Signaling molecules 
like mobile protein, small interfering RNAs, mRNAs move via plasmodesmata. 
Apoplast is the area outside the cell and apoplastic movement is transport 
through the cell wall. Intra-organ cellular communication occurs through apoplast 
and the movement of phytohormone auxin is a classical example18.
Examples of peptides that play an important role in intra-organ signaling 
include, CLV3, CLE40, and CLE41. These peptides play an important role in a 
similar manner in the maintenance of shoot, root, and vascular stem cell 
population. The niches of the shoot and root meristems coordinate the fine 
balance of stem cell maintenance. The shoot meristem consists of the 
organizing center (OC) and its adjacent cells and the root meristem consists of 
the quiescent center (QC) and its adjacent cells. The OC and QC express 
functionally equivalent homeobox transcription factors WUSCHEL (WUS) and 
WOX5, respectively, and these confer stem cell identity to the adjacent cells. In 
the shoot meristem, cells adjacent to the OC signal back to the OC by secreting 
CLAVATA 3 (CLV3) peptide. CLV3 is expressed in a small cell group of the 
apical layers of the shoot meristem and limits WUS activity by restricting its 
expression to the OC19,20. In the root meristem, CLE 40, a peptide closely 
related to CLV3, has been implicated in promoting differentiation of the distal root 
meristem. CLE40 from the differentiated root cells provides a negative feedback 
signal that balances stem cell proliferation to regulate WOX5 expression in the
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QC21. In the vascular meristem, stem cells named procambial cells proliferate 
and their progeny differentiate into xylem and phloem cells. CLE 41 is secreted 
from the phloem and both promotes proliferation of procambial cells while at the 
same time suppressing differentiation of xylem cells, hence maintaining the stem 
cell population. CLE 41 positively controls the expression of WUSCHEL-related 
HOMEOBOX4 (WOX4). WOX4 is expressed in the procambium and cambium
cells and controls maintenance of the vascular cambium but not the
22differentiation into Xylem22.
Another group of molecules that signal between cells are the small RNAs. 
Examples of signaling small RNAs include MIR165, MIR 166, and tasi-ARFs. In 
the root meristem, MIR165A and MIR166B are transcribed in the endodermis. 
These miRNA move radially, through plasmodesmata, to the stele periphery. In 
the stele periphery, they cleave mRNAs that encode PHABULOSA (PHB), a 
class III homeodomain leucine zipper (HD-ZIP III) transcription factor. PHB is 
therefore restricted within the stele center and it promotes protoxylem 
differentiation resulting in proper xylem patterning23. In the shoot meristem, 
conserved tasi-RNAs, termed tasi-ARFs, are produced in the upper adaxial side 
of the leaves. These RNAs are transported to the lower abaxial side of the leaf. 
This results in a gradient of small RNAs that pattern the abaxial determinant 
AUXIN RESPONSE FACTOR 324.
1.4 Inter-organ signaling
During plant development, distantly located organs such as root and shoot 
must communicate with each other so that the organism can develop as a
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coordinated whole and adapt to the changing environment. For example, plants 
use their roots to acquire essential mineral nutrients from the rhizosphere; these 
nutrients are then translocated to shoots for growth and reproduction. Shoots 
produce sugars, which are then transported to the roots25. Plants need to 
respond to external stimuli as a whole organism, particularly during stress. Long­
distance communication between roots and shoots is essential to coordinate the 
adaptive response in the whole body of the plant. The vascular system, which 
consists of two conducting tissues, phloem and xylem, provides routes for long­
distance movement. Water, together with sugars, amino acids, and inorganic 
nutrients are distributed throughout the plant, via the xylem. Signaling molecules 
like mobile peptides and phytohormone auxin move through the xylem. Phloem 
is the living tissue of the vascular system and signaling molecules like mobile 
proteins, peptides, mRNAs, and small RNAs transport through the phloem26.
1.4.1 Root-to-shoot signals
Roots are positioned where they learn information about soil conditions 
that have important implications for shoot physiology. This information is 
conveyed to the shoot through signaling molecules that are transported long 
distance. A classical example comes from chemical signaling when roots are 
exposed to drought conditions. As the soil becomes dry, root-sourced signals 
are transported via the xylem to the leaves and result in reduced water loss and 
decreased leaf growth27. However, the identity of the compound is not known. 
Although not necessarily related to the drought response, examples of signaling 
molecules that move from the root to the shoot are the phytohormones
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strigolactone, cytokinin, and ABA. Strigolactone, which is synthesized in roots, 
controls shoot branching12. Cytokinin has been implicated in communicating the 
nitrogen status from the root to the shoot and regulating senescence8. Another 
plant hormone, abscisic acid (ABA), is thought to communicate drought 
conditions from the root to the shoot5.
Another example of root-to-shoot signaling is phosphorous (P) signaling.
P is an essential macronutrient, as it is present in a majority of a cell’s molecular 
constituents, including DNA, RNA, proteins, lipids, sugars, ATP, ADP, and 
NADPH. For proper growth and development, adequate P must be supplied 
from the soil in the form of inorganic phosphorous (Pi), which is done by the
plant’s root system. When Pi availability is limited, root-derived Pi deficiency
28signals are generated and transported, via the xylem, to the shoot28. The signals 
are then perceived by shoot-specific sensors, which trigger adaptive responses 
within shoots. Currently, the root-derived signal is not known, but candidates 
include Pi itself, phytohormone auxin, ethylene, cytokinin, abscisic acid, 
gibberellins, and strigolactone; along with sugars, miRNA and Ca+29. The
responses in the shoot include reduced photosynthetic activity, increased
28accumulation of sugars, and retardation of shoot development28.
1.4.2 Shoot-to-root signals
Just as root-to-shoot signaling provides the shoot with vital information 
about the rhizosphere, there are also signaling molecules that move from the 
shoot to the root, again to coordinate the activities of these two organ systems.
As with root-to-shoot signaling, the chemical nature of these signaling molecules
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is diverse, and includes mRNA, miRNA, and small metabolites.
An example of shoot-to-root signaling comes from the potato plant, 
Solanum tuberosum, where the timing of tuber formation on the stolen tip is 
coordinated with leaf growth. The signaling molecule that activates tuber 
formation is the mRNA for a transcription factor, StBEL5. Tuber forms from the 
sub-apical region of the stolen tip; stolen is a specialized stem that grows 
horizontally and under favorable conditions. The signaling molecule that 
activates tuber formation is the mRNA for a transcription factor, StBEL5. StBEL5 
mRNA originates in the leaf and its mRNA accumulates in response to short-day 
photoperiods. The mRNA moves to the stolen through the phloem. Translation 
of StBEL5 mRNA occurs on site and together with its protein partner, POTH1, it 
auto-regulates its own transcription. StBEL5 mRNA mediates tuber development 
in the stolen tip via modulating auxin levels. StBEL5 mRNA functions in targeting 
auxin synthesis genes and auxin signaling processes30,31.
MicroRNAs also play an important role in communicating shoot nutrient 
conditions to the root. As discussed in the previous section, low Pi availability in 
the soil induces expression of genes in the shoot; one of these is MiR399. When 
plants experience phosphate (Pi) deficiency, miR399 is expressed in the shoot 
and is transmitted through the phloem to the root. In the root, miR399 regulates 
expression of PHOSPHATE 2 (PHO2) and its transcripts drop by 8-fold. Due to 
the drop of PHO2 transcripts, Pi starvation-induced genes ATIPS1, AT4, and Pi 
transporters Pht1;8 and Pht1;9 cannot be repressed, hence allowing Pi- 
uptake32,33.
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A final example of shoot-to-root signaling, this time using a metabolite as a 
signal, is ‘shoot derived inhibitor’ (SDI) in soybean. The number of root nodules 
formed by legumes is tightly controlled via a complex root-to-shoot-to-root 
signaling loop termed autoregulation of nodulation. This regulatory loop involves 
peptide hormones, receptor kinases, and small metabolites. A CLE peptide 
hormone that is highly similar to CLV3 is produced in the root with the 
development of nodule primordia and nitrogen fixation. This signal is transported 
long-distance to the leaf, via the xylem, triggering the production of a shoot- 
derived inhibitor, named ‘SDI’. SDI moves down into roots via the phloem where 
it suppresses further nodulation. Although SDI has not been identified 
chemically, recent work in soybean has shown that it is likely to be a metabolite. 
SDI is small (<1 kDa), heat stable, and unlikely to be an RNA or protein34,35.
1.5 Implication of unknown signaling pathways
Physiological and genomic experiments suggest that there are signaling 
molecules that are yet to be identified. One of the examples comes from 
phosphorous (Pi) signaling. Pi is one of the essential macromolecules that is 
normally taken from the soil and, under certain environmental conditions, Pi may 
be limited in the soil. To manage the low Pi availability, roots and shoots react 
cooperatively to enhance the acquisition of external Pi. Signal from the roots 
travels to the shoot and induces shoot-specific Pi deficiency responses, such as 
reduced photosynthetic activity, increased accumulation of sugars, and 
retardation of shoot development. Currently, the nature of the signaling molecule 
remains largely unknown29,36.
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The best physiological example of an unknown signaling molecule 
comes from the studies using split root experimental design, where root system 
of an individual plant was split between two containers. The experiment indicated 
that there is an unknown root-to-shoot signal controlling leaf development that is 
evoked by drought. In experiments using maize (Zea Mays L.), the root system 
was divided between two containers and the soil in one container was allowed to 
dry while the other container was kept well watered. Soil drying resulted in 35% 
and 15 % inhibition of leaf elongation and expansion rates, respectively. 
Nevertheless, leaf water potential did not decline, suggesting that leaf growth 
inhibition was not a direct result of water scarcity. Instead, the data suggested 
that inhibition arose from a root-derived signal. The drought-exposed portion of 
the root was thought to be the source of the inhibitor of shoot growth, because 
when the dried root was excised, the shoot rapidly resumed normal growth
37rates37. This provides strong evidence for the existence of root-derived signal 
and the identity of this signal is currently unknown.
All living systems perceive and process information from chemical signals 
via cell surface receptors. In animals, the family of receptor tyrosine kinases 
(RTKs) mediates many signaling events at the cell surface. Similar in structure 
to the animal RTKs, plant receptor-like kinases (RLKs) can act as signaling 
molecules. Plant RLKs are a class of transmembrane kinases with a predicted 
signal sequence, single transmembrane region, and cytoplasmic kinase domain. 
The Arabidopsis genome encodes more than 600 RLKs, but ligands for only a 
few RLKs have been identified. Some of the characterized RLKs functions
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include brassinosteroid signaling (BRI1), meristem development (CLV1), 
pathogen detection (FLS2), and control of leaf development (Crinkly4)38,39. 
However, most RLKS have to be yet characterized functionally, which suggests 
that many more novel ligands await discovery.
1.6 bypass signaling pathway
The Arabidopsis bypassl (bpsl) mutant was discovered in a screen as a 
recessive mutant with leaf vein-patterning defects. The bps1 mutant is smaller 
than the wild type, and shows leaf development arrest and abnormal root 
development. The bps1 rosettee leaves undergo developmental arrest soon 
after initiation and under most growth conditions, they remain small and 
radialized. The bps1 primary root ceases elongation and differentiation extends 
to the root apex. Lateral roots, which appear to initiate normally, also arrest in a 
manner similar to the primary root40 (Fig. 1.1A). The affected gene, BYPASS1, 
encodes a plant-specific protein with a single domain that is functionally 
uncharacterized. A root-derived signal that is necessary and sufficient to arrest 
shoot growth was implicated in bps1 mutants40. When bps1 mutant roots are 
intact, shoot arrest occurs shortly after germination. However, in experiments 
where the root is removed, bps1 leaf development is restored. This suggested 
that the bps1 roots might produce a mobile compound that moved up to the 
shoot and was causing shoot arrest. Grafting studies tested this idea. When 
bps1 roots were grafted to wild type shoots, wild type shoot growth arrested. 
Taken together, the root excision and grafting experiment indicated that bps1 
roots were both necessary and sufficient to arrest leaf development. These
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experiments led us to postulate a model that describes the bpsl mutant 
(Fig. 1.1B). We propose that the bpsl root produces a mobile substance, which 
we call the bps signal, and that this substance moves up to the shoot and arrests 
leaf development, and the same molecule also affects root development.
Because bpsl mutants are recessive, the normal BPS1 activity appears to 
prevent excess production of the bps signal. We tested the root as the source of 
the bps signal production by preventing root growth in bpsl mutants. 
Postembryonic root growth and development requires glutathione (GSH), and y- 
glutamylcysteine synthetase is the first enzyme that is required for the GSH 
biosynthesis41. We blocked root growth in bpsl mutants by growing them on 
media containing L-buthionine sulfoximine (BSO), an inhibitor of y- 
glutamylcysteine synthetase. We blocked root growth genetically by generating 
double mutants between bpsl and root meristemless1-1 (rml1-1), which has a 
defect in the gene encoding Y-glutamylcysteine synthetase and lacks 
postembryonic root development42,43. rml1-1 bps1-2 double mutants and the 
bps1 mutants grown on BSO-supplemented medium showed partial rescue of 
the leaf development43. Together with the grafting data, these results provide 
strong support for postgermination growth arrest arising because of a non-cell- 
autonomous compound produced by the bps1 root. We have called this 
compound the bps signal.
1.7 Hypothesis and goals
We postulate that the bps signal is a plant hormone that is produced in 
wild type plants and that this putative hormone is over-produced in the bps1
14
mutants. Further, the similarity between responses of a wild type shoot to partial 
root drying and the responses of shoots to the bps signal suggests that its normal 
function might be related to drought and osmotic stress. If the bps signal is a 
novel hormone, its chemical identification would be a significant contribution to 
plant biology. My goal is to characterize the bps signal chemically. Once it is 
identified, we can work to understand how the signal affects plant growth and 
how normal plants use this signal to coordinate development. Extracts from wild 
type plants subjected to abiotic stress conditions can be analyzed to determine 
whether its synthesis is evoked in normal plants under conditions known to 
provoke root-to-shoot signaling (e.g., drought or osmotic stress).
In my project, I have used genetic and biochemical approaches to narrow 
down the number of candidates for the bps signal. I developed a bioassay to test 
extracts for the presence of the bps signal, which is described in Chapter 2. 
Chapter 3 describes the production of genetic resources to aid in bps signal 
identification. These are various double mutants or chemical treatments that 
appear to either decrease the bps signal in bps1 mutants, or reduce the 
production of secondary metabolites that could interfere with bps signal 
identification. Chapter 4 describes my biochemical analysis of extracts from 




Figure 1.1: bpsl mutants have arrested leaf growth and altered root 
development. (A) Phenotype of 7-day wild type and bpsl mutant. Wild type 
has an elongated root and two expanding leaves with trichome. In contrast, bpsl 
homozygous mutant is small, the cotyledons fail to fully expand, the leaves arrest 
as radialized primordia, and the roots are short, with differentiation extending to 
the root apex. (B) Model for BPS1 action as a negative regulator of a mobile 
root-derived signaling molecule, bps signal. Size bars = 2mm.
CHAPTER 2
LONG-DISTANCE SIGNALING IN bypass1 MUTANTS: BIOASSAY 
DEVELOPMENT REVEALS THE bps SIGNAL 
TO BE A METABOLITE
18
Reprint with permission from Molecular Plant 
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Long-Distance Signaling in bypass1 Mutants: 
Bioassay Development Reveals the bps Signal to 
Be a Metabolite
Emma A d h ika ria, Dong-Keun Leea, Patrick G iavaliscob and Leslie E. S ieburth3-1
a Department of Biology, University of Utah, Salt Lake City, UT 84112, USA 
b Max Planck Institute of Molecular Plant Physiology, 14476 Potsdam-Golm, Germany
ABSTRACT R o o t- to -s h o o t s ig n a lin g  is used b y  p la n ts  to  c o o rd in a te  s h o o t d e v e lo p m e n t w ith  th e  c o n d it io n s  e xpe rie nce d  
b y  th e  ro o ts . A  m o b ile  a nd  b io lo g ic a lly  a c tiv e  c o m p o u n d , th e  bps s ign a l, is o ve r-p ro d u c e d  in ro o ts  o f  an Arabidopsis  
thaliana m u ta n t ca lled  bypassl (b p s l), a nd  m ig h t a lso  be  a n o rm a lly  p rod u ce d  s ig n a lin g  m o le cu le  in  w ild - ty p e  p la n ts . 
O u r g o a l is to  id e n t i fy  th e  bps s ig n a l chem ica lly , w h ic h  w i l l  th e n  a llo w  us to  assess its  p ro d u c tio n  in n o rm a l p la n ts . To 
id e n t i fy  a n y  s ig n a lin g  m o le cu le , a b ioassay  is re q u ire d , a nd  here  w e  describe  th e  d e v e lo p m e n t o f  a ro b u s t, s im p le , a nd  
q u a n t ita t iv e  b ioassay  fo r  th e  bps s ign a l. The  d e v e lo p e d  b ioassay  fo l lo w s  th e  g ro w th - re d u c in g  a c t iv ity  o f  th e  bps s ign a l 
u s in g  th e  pCYCB1;1::GUS cell cycle  m arker. W ild - ty p e  p la n ts  c a rry in g  th is  m arker, a nd  p ro v id e d  th e  bps s ig n a l th ro u g h  
e ith e r  g ra f ts  o r  m e ta b o lite  e x tra c ts , s h o w e d  reduced  ce ll d iv is io n . By c o n tra s t, c o n tro l g ra fts  and  t re a tm e n t w it h  c o n tro l 
e x tra c ts  s h o w e d  n o  change  in  pCYCB1;1::GUS e xp re ss io n . To d e te rm in e  th e  chem ica l n a tu re  o f  th e  bps s ig n a l, e x tra c ts  
w e re  t re a te d  w ith  RNase A , P ro te inase  K, o r  h ea t. N one  o f  th e se  tre a tm e n ts  d im in is h e d  th e  a c t iv ity  o f  b p s l e x tra c ts , s u g ­
g e s tin g  th a t  th e  a c tive  m o le cu le  m ig h t be  a m e ta b o lite . Th is  b ioassay w i l l  be  u s e fu l fo r  fu tu re  b io ch e m ica l f ra c t io n a t io n  
and  ana lys is  d ire c te d  to w a rd  bps s ig n a l id e n tif ic a tio n .
K ey w o rd s : h o rm o n e  b io lo g y ; m e ta b o lic  re g u la tio n ; p h y s io lo g y  o f  p la n t g ro w th ;  se con d a ry  m e ta b o lis m /n a tu ra l p ro d ­
ucts; s ig n a lin g , o rg a n is m a l leve l; d e v e lo p m e n t.
INTRODUCTION
M o b ile  s igna ling  m olecules play c ritica l roles in p lants. D uring  
n orm a l d eve lopm en t, m o b ile  signals c o o rd in a te  processes 
b o th  w ith in  organs and be tw een  organs, and, fo llo w in g  
exposure to  stresses, m ob ile  s igna ling  m olecules coord ina te  
responses th ro u g h o u t th e  p lan t. These are v ita l func tions , 
and u nde rs tand ing  p lants requires a fu l l  unde rs tand ing  o f 
b o th  th e  s igna ling  m olecules and th e ir  b io log ica l func tions .
M any p la n t s igna ling  m olecules are unders tood  in d e ta il. 
For exam ple, th e  p o p u la tio n  o f  stem cells w ith in  th e  shoo t 
apical m eristem  (SAM) is re gu la ted  by tw o  m o b ile  signals: 
th e  CLV3 pep tid e  and th e  WUS tra n sc rip tio n  fa c to r  (Schoof 
e t al., 2000; Rojo e t a l„  2002; M u lle r  e t al., 2006; Yadav e t al., 
2011). Ins igh t in to  h ow  th e  shoot's stem cells are m a in ta ined  
requ ired  id e n tif ic a tio n  o f  these m o b ile  signals. As a n o the r 
exam ple, th e  m ob ile  horm one , auxin, coord ina tes cell id e n tity  
spec ifica tion  w ith in  th e  d eve lop ing  ro o t m eristem  (Furu tan i 
e t al., 2004; B lilou  e t al., 2005; G alinha e t al., 2007; Dubrovsky 
e t al., 2008). S trigo lac tone  is also a m o b ile  s igna ling  m olecule 
th a t coord ina tes  deve lopm en ta l events in th e  ro o t and shoot. 
S trigo lac tone  is la rge ly  synthesized in roots, and its tra n s p o rt
to  shoots regu la tes b ranch ing  by arrest o f  a x illa ry  m eristem s 
(Sorefan e t al., 2003; B ooker e t al., 2005; B enne tt e t al., 2006; 
G om ez-Roldan e t al., 2008; Um ehara e t al., 2008).
These kn ow n  s igna ling  pathw ays reveal an a lready com plex 
n e tw o rk  o f  signals and responses (Liu e t al., 2010; Vercruyssen 
e t al., 2011; Naseem e t al., 2012). However, b o th  g ene tic  and 
physio log ica l stud ies ind ica te  th e  existence o f a d d itio n a l and 
a s -ye t-un id en tifie d  s igna ling  m olecules (Delves e t al., 1986; 
G ow ing  e t al., 1990; Davies and Zhang, 1991; Van Norm an 
e t al., 2004; Anastasiou e t al., 2007; Eriksson e t al., 2010). To 
tru ly  understand h o w  p lan ts fu n c tio n , n ew  s igna ling  m o l­
ecules m ust be id e n tif ie d  and th e ir  in te rac tions  w ith  estab­
lished pathw ays c la rifie d .
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utah.edu.
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An unknown mobile signaling molecule was implicated by 
characterization o f the  bypass1 (b psl) m utant o f Arabidopsis 
(Van Norman et al., 2004). This m utant shows severe root 
and shoot g row th  defects (Figure 1A), both o f which arise 
due to  a non-cell-autonomous signal generated w ith in  the 
roots, which we refer to  as the  bps signal. G rafting and root 
cut experiments revealed tha t the  shoot is capable o f normal 
development when separated from  the  root (Van Norman 
et al., 2004, 2011), which indicated th a t the  bpsl root was 
necessary fo r  shoot developmental arrest. Grafting revealed 
th a t the bps 7-generated signal was also suffic ient fo r  shoot 
arrest, as g ra ft chimeras th a t combined a w ild -type scion 
w ith  a bpsl rootstock showed arrested leaf development. 
Together, these analyses led us to  fo rm ula te  a model propos­
ing th a t BPS1 functions to  m odulate synthesis o f a mobile 
compound th a t mediates coordinated development between 
the  shoot and root.
The BYPASS1 gene was identified th rough positional 
cloning (Van Norman et al., 2004). It encodes a protein o f 
unknown function, and has no sequence motifs suggestive 
o f its intracellu lar localization. However, 6 PS-like genes are 
highly conserved in p lant genomes, and are typically present 
as a multi-gene family. In Arabidopsis, the three BPS genes 
all contribute to  negative regulation o f the  bps signal (Lee 
et al., 2 0 1 2 ), and earlier production o f the bps signal in the 
bps tr ip le  m utant leads to  arrest during early embryogenesis. 
The broad expression patterns o f BPS genes suggest th a t the 
bps signal has the  potentia l to  be used in signaling scenarios 
beyond root-to-shoot communication.
Our long-term  goal is to  elucidate the  entire bps signaling 
pathway, and chemical and structural identifica tion  o f the 
bps signal is a critical next step. In previous studies, we deter­
mined th a t the synthesis o f the  bps signal required an intact 
carotenoid biosynthetic pathway (Van Norman and Sieburth, 
2007). The simplest interpre ta tion  o f this observation is th a t a 
carotenoid serves as the  biosynthetic precursor o f the bps sig­
nal. Two carotenoid-derived signaling molecules are already 
known: abscisic acid and strigolactone. Genetic analysis has 
a llowed us to  rule ou t both o f these as candidates fo r the 
bps signal. Because blocking carotenoid biosynthesis leads to  
plastid photo-oxidation, and any plastid-localized reaction is 
likely to  be disrupted, the  carotenoid requirement fo r  bps sig­
nal synthesis m ight be e ither direct or indirect. Identification 
o f the  bps signal w ill be necessary fo r understanding the  root- 
to-shoot signaling shown in this m utant, and it w ill a llow  
us to  analyze w ild-type plants to  determ ine the conditions 
under which they normally produce th is compound.
In this study, we describe the  developm ent o f a robust bio­
assay fo r detection o f the bps signal. This assay responds to  
the  bps signal w hether supplied th rough a g ra ft or in crude 
extract. Extract analysis suggests th a t the  mobile molecule 
m ight be a small molecule, likely a common m etabolite  o r an 
unusual side-product from  a metabolic pathway. The bioassay 
reported here represents an im portan t step towards ide n tifi­
cation o f this mysterious compound.
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Figure 1. Growth Arrest of bpsl Mutants Is Associated with Altered 
Cell Division.
(A) Seven-day-old wild-type (Col-0) and bps1-2 seedlings.
(B) Expression pattern of pCYCB1;1::GUS in 4-day-old wild-type (Col) 
and bps1-2 mutant leaf primordia (top) and roots (bottom).
(C) Relative expression of the cell cycle genes expressed in G2/M, S, and G1 
phases of the cell cycle. Solid bars represent wild-type and open bars rep­
resent bpsl. Error bars show SEM. Size bars: 2mm in (A) and SOpm in (B).
RESULTS AND DISCUSSION
Cell D ivision Is A lte red  in b p s l M u tan ts
The bpsl m utant exhibits severe shoot and root g row th  
defects. Its small size appears to  be the  result o f decreased 
cell division, as the  G2/M cell cycle marker, pCYCBI;1::GUS 
(Colon-Carmona et al., 1999), is expressed in few er cells 
in the  bpsl m utant (Figure 1A and B; Van Norman et al., 
2011). To test whether pCYCBl;1::GUS fa ith fu lly  repre­
sented bpsl cell cycle status, we used real-time qRT-PCR 
to  analyze transcript levels o f six cell cycle genes: CYCB1;1; 
CYCLIN B DEPENDENT KINASE (CDKB1;1); HISTONE HA (H4); 
A-TYPE CYCLIN (CYCA3.2); D-TYPE CYCLIN (CYCD5;2); and 
ARABIDOPSIS CELL-PROLIFERATION-RELATED GENE (ATCPR) 
(Hemerly e t al., 1992; Ferreira et al., 1994; Segers et al., 1996; 
Potuschak and Doerner, 2001; Boudolf et al., 2004; Menges 
et al., 2005; Dhondt et al., 2010; Figure 1C). Consistently w ith  
the  pCYCB1;1::GUS reporter, endogenous CYCB1;1 mRNA 
was also strongly depleted in the  bps1 m utant. Expression 
o f CDKB1;1, another G2/M phase transcript, and the  S-phase- 
specific transcripts Histone H4 and CYCA3;2 were also strongly 
reduced in bpsl mutants. By contrast, bpsl mutants showed 
normal levels o f the G1-phase RNAs {ATCPR, CYCD5;2). The 
depletion o f G2/M and S-phase transcripts links the  small stat­
ure o f bpsl mutants to  reduced cell division, and suggests 
th a t the  bps signal leads to  cell cycle arrest, probably at G1.
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The bps Signal Can Pass th ro u gh  Agarose
Because the  pCYCB1;1::GUS reporter provides a simple and 
quantita tive readout o f g row th  arrest, we explored w hether it 
w ould be suitable as a bioassay fo r the bps signal. The clearest 
evidence th a t the bps signal was non-cell-autonomous came 
from  grafting  experiments, where a bpsl root was found 
to  be sufficient to  induce arrest o f w ild-type leaf grow th 
(Van Norman et al., 2004). We therefore extended the g raft 
analyses to  see whether w ild-type leaf prim ordia showed 
reduced pCYCB1;1::GUS expression fo llow ing  grafting 
to  bpsl roots. Establishment o f g ra ft chimera involves 
generation o f callus by both the  scion and the  rootstock, 
fo llow ed by d iffe rentia tion  o f vascular tissues, and these 
processes proceed over many days (Moore, 1984; Wang, 1996; 
Flaishman et al., 2008; Yin et al., 2012). Because trad itional 
g rafting  is unsuitable fo r  measuring rapid signal transduction, 
we developed a transient m icrografting method to  analyze 
rapid responses. This method was based on Arabidopsis 
m icrografting (Turnbull e t al., 2002), but, instead o f physical 
contact between scion and rootstock, we embedded them  in 
a small agarose block (Figure 2A). W ild-type scion carrying the 
pCYCB1;1::GUS transgene were embedded in agarose blocks 
and then e ither le ft uncoupled, coupled to  a w ild-type (Col-0) 
rootstock, or coupled to  the  bps1-2 root. A fte r 24 h, the 
scion were GUS-stained and the  number o f pCYCBI ;1::GUS- 
stained cells in leaf primordia were counted.
The w ild -type leaf prim ordia showed variable numbers 
o f pCYCBI;1  ::Gl/S-stained cells, whether exposed to  w ild - 
type roots, no roots, or the bpsl root. To display the fu ll 
extent o f these variable numbers, we p lo tted the  data in 
box plots (Figure 2). The vertical bar extends to  the  h igh­
est and lowest data points, the  box extends between the 
25th and 75th percentiles, and it  is bisected at the  median. 
W ild-type pCYCB1;1::GUS scion coupled to  a w ild-type root, 
or to  no root, showed very sim ilar ranges o f cell counts. 
However, w ild -type pCYCB1;1 ::GUS scion coupled to  the 
bps1-2 rootstock produced leaf prim ordia w ith  dram ati­
cally few er p C YC B I;! ;:GL/S-stained cells (Figure 2B and 2C). 
These results indicate th a t the  leaves o f the  w ild-type scion 
responded to  the  bpsl root. Because bpsl roots appear to  
produce a mobile signal, the bps signal, these results suggest 
(1) th a t pCYCB 1; 1::GUS expression responds rapidly to  the bps 
signal (in less than 24 h) and (2) th a t the  bps signal can pass 
th rough the  0 .8 % agarose (in water), and so is likely to  be a 
hydrophilic molecule.
The bps Signal Is N o t C ytok in in
Cytokinin is also known to  influence cell division (Riou- 
Khamlichi et al., 1999) and to  move from  roots to  shoots 
(Aloni e t al., 2005), so we used a g rafting  approach to  test 
whether the  bps signal could be cytokinin. As scions, we used 
w ild-type shoots carrying the primary cytokinin response 
marker, pARR5::GUS (D 'Agostino et al., 2000). This marker 
has previously been shown to  be activated by 2.5 pM BAP
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Figure 2. The bps Signal Causes Reduced Wild-Type Leaf Cell Division 
whether Transmitted through Grafts or Applied through Extracts, But 
It Does Not Activate the pARR5::GUS Cytokinin Reporter.
(A) Transient micrografts with 4-day-old wild-type (WT) pCYCB1;1::GUS 
scion coupled to WT or bpsl-1 rootstocks. Arrows point to the agarose plug.
(B) Expression of pCYCBI;1::GUS in WT leaf primordia 24 h after micro­
graft coupling.
(C) Box and whisker plots of pCYCBI;1 ::GL/S-stained cells in WT leaf 
primordia following transient micrografts (n = 32 for each micrograft 
couple). Boxes delineate the data points falling between 25% and 
75%, the line bisecting the box shows the median, and the whiskers 
indicate the highest and lowest data point.
(D) Test of crude extracts on WT leaf cell division. Strategy for extracts 
addition is to the left. Box plots show pCYCBI ;1 ::GUS-sta\ned cells in WT 
leaf primordia treated with water or extracts (n = 21 for each sample).
(E) pARR5::GUS expression in WT leaf primordia 24 h after micrograft 
coupling to WT or bpsl rootstocks; positive controls used 1 jiM cyto­
kinin (BAP and Kinetin) supplied in the agarose plug (n = 16, each 
treatment). Results with significant differences are labeled with letters 
a and b (Mann-Whitney U-test; a = P < 0.005 and b = P < 0.05). Size 
bars: 1.0 mm in (A) and 50 pm in (B, E).
supplied th rough the  media, and we found th a t shoots carry­
ing pARR5::GUS responded strongly to  cytokinin (1 pM BAP 
and Kinetin) supplied in the agarose o f a m icrograft tube 
(Figure 2E). By contrast, shoots carrying pARR5::GUS tha t 
were transiently grafted to  e ither w ild -type or the  bps1 roots 
showed no elevation o f pARR5::GUS expression. These data 
indicate th a t the bpsl roots do not supply excess cytokinin 
to  the  shoot, and are consistent w ith  the  bps signal being a 
novel mobile compound.
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Extracts from  b p s l M u tan ts D im inish Cell D ivision in 
W ild-Type Leaves
Because our long-term  goal is to  identify  the bps signal 
biochemically, it  is essential th a t our bioassay is responsive to  
the  bps signal applied as semi-purified extracts. We therefore 
tested whether extracts from  bpsl, but not the  w ild-type, 
could replicate the  pCYCBI ;l::GUS-sta'\r\'\r\g expression 
responses observed in the  transient m icrograft assay. 
Because transmission o f the  bps signal across an agarose 
matrix suggested tha t it was a hydrophilic molecule, we 
prepared crude extracts using a w ater-m ethanol-ch lo ro form  
extraction protocol to  separate polar from  hydrophobic 
molecules (Giavalisco et al., 2008). As starting material, we 
used both bpsl-1 seedlings and its corresponding w ild-type, 
Landsberg erecta (L. er). The resulting crude polar extracts 
(m ethanol-water fraction) were then tested fo r bps signal 
activity by applying them  to  w ild -type seedlings carrying 
pCYCB1;1::GUS.
Extract was supplied to  w ild -type pCYCBl;1::GUS seed­
lings grown in m icrotiter dishes at 48, 59, and 70 h (11-h 
intervals; see strategy in Figure 2D), and the  effect o f these 
treatm ents on pCYCB1;1::GUS staining in the  leaf primordia 
was compared. Those seedlings supplied w ith  only w ater or 
w ith  combinations o f w ater and w ild-type extracts showed 
sim ilar numbers o f pCYCB 1; 1 ::Gl/S-stained cells in th e ir leaf 
primordia. W ild-type seedlings supplied w ith  only a single 
bpsl extract 1 1  h before staining also showed numbers o f 
pCYCB1;1 ::GUS-sta\ned cells th a t were similar to  the  controls. 
However, w ild-type seedlings provided w ith  tw o  or three a li­
quots o f bps1 extract showed significantly reduced numbers 
o f pCYCB1;1 ::Gl/S-stained leaf cells. These responses indicated 
th a t the  crude polar extract contained the  bps signal and tha t 
the  extract was able to  affect pCYCB1;1::GUS expression.
The responses o f w ild-type leaf cell division to  the bpsl 
root (in transient micrografts) and to  extracts from  bpsl 
mutants were similar, suggesting th a t pCYCBl;l::G US  pro­
vides a useful readout fo r the bps signal. Interestingly, sup­
plying polar extracts required repeated treatm ents to  achieve 
GUS-staining repression in the  leaf; this m ight reflect a longer 
path fo r  the extracts to  travel, namely uptake th rough the 
roots p rio r to  transport to  the leaf. A lternatively, it  is possible 
th a t the transient m icrograft was more effic ien t at repressing 
the  pCYCBl;1::GUS activity because the  bps1 root provides a 
continuous supply o f the  bps signal. Regardless o f why the 
m ultip le  treatm ents were required, the  observation th a t bps1 
extracts, and not the  extracts from  the w ild-type, conferred 
cell cycle repression indicated th a t the w ater-m ethanol 
extract contains the  expected polar bps signal.
Root-Based Bioassay
Identification o f the bps signal based on its activity requires a 
bioassay th a t is quick and requires small amounts o f extract. 
However, because leaf responses to  extracts were neither fast 
nor extract-frugal, we explored the  possibility o f carrying out
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Figure 3. Wild-Type (WT) Root Meristem Cell Division Is Sensitive to 
the bps Signal.
(A) WT pCYCB1; 1:;Gt/S-stained roots treated with WT or bpsl extracts.
(B) Numbers of pCYCBI;1 ::Gl/5-stained cells in WT roots treated with 
water or extracts. The letter 'a' represents a statistical significance P < 
0.005 (Mann-Whitney U-test). Size bars: 50 jjm.
the  bioassay using Arabidopsis roots. Roots show strongly 
reduced numbers o f pCYCBI;1 ;:GL/S-expressing cells in bpsl 
mutants (Figure 1B), and the  root defects arise from  the 
same mobile compound as leaf defects (Van Norman et al., 
2004), so we anticipated th a t they would respond to  the 
polar m ethano l-w ater extracts. Moreover, we reasoned tha t 
the  predictable root meristem size (Dolan et al., 1993) m ight 
fac ilita te  comparisons o f extract activity between d iffe ren t 
experiments.
To test w hether w ild-type roots responded to  bpsl extracts, 
we carried ou t a 17-h incubation o f w ild-type pCYCBI;1::GUS 
seedlings w ith  w ild-type or bpsl extracts, and then assessed 
the  number o f GUS-positive cells in the  root meristem. W ild- 
type roots supplied w ith  w ild -type extracts looked simi­
lar to  controls (water), whereas those supplied w ith  bpsl 
extracts showed few er GUS-stained cells (Figure 3A). We 
tested extracts from  tw o  bpsl alleles, bps1-1 and bps1-2, 
and th e ir corresponding w ild-type (L. er and Col-0# respec­
tively); extracts from  both mutants elicited a strong reduction 
in pCYCBI;1::GUS staining, w hile  both L. er and Col-0 w ild- 
type extracts had no effect (Figure 3B). This ab ility  to  reduce 
pCYCB1;1::GUS expression using bpsl extracts was not merely 
a consequence o f the ir small size, as the  bioassay response 
to  extracts from  varicose-7, a m utant sim ilar in size to  bpsl 
(Goeres et al., 2007), was similar to  th a t fo r w ild -type extracts
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(Figure 3B). Finally, w ild-type roots show a broad distribu­
tion  o f pCYCB1;1::GUS-sta\ne6 cell numbers per root, regard­
less o f w hether they were provided w ith  w ater or w ild-type 
extracts (Supplemental Figure 1). The d istribution, though, 
was significantly skewed to  the  low  range fo llow ing  provi­
sion w ith  bps7 extracts. These data therefore support th a t the 
roo t pCYCB1;1::GUS activity is a useful readout fo r  the  activity 
o f the  bps signal.
As an additional test fo r w hether the extracts conferred 
a b psl- like response, we looked fo r o ther bps7-like features 
in the  w ild-type roots treated w ith  bps! extracts. QC46 is 
a quiescent center GUS marker (Sabatini e t al., 1999); bpsl 
mutants fa il to  express this marker and they also produce mis­
shapen columella cells th a t lack starch granules (Figure 4A). 
We treated w ild-type seedlings carrying QC46 w ith  polar 
extracts prepared from  the  w ild -type and bpsl mutants. Up 
to  three treatm ents were provided, and roots were analyzed 
fo r columella starch granules and QC46 expression. We found 
strong QC46 expression in all the  w ild-type seedlings, regard­
less o f w hether w ild-type or bpsl extracts were supplied. 
However, we observed few er starch-containing columella 
cells in seedlings provided w ith  the  bpsl extract three times 
(Supplemental Figure 2 and Figure 4B). The ability  o f the  bpsl 
extracts to  evoke both a reduction in pCYCB1;1::GUS staining 
and the loss o f starch granules supports the  hypothesis tha t 
the  hydrophilic extract contained the  bps signal. Moreover, 
th a t changes in pCYCB1;1::GUS staining occurred more rap­
idly than loss o f columella starch granules or QC46 expression 
suggests th a t loss o f columella cell iden tity  and QC46 expres­
sion in bpsl mutants are indirect effects.
Bioassay O p tim iza tion
The in itia l tests o f bpsl extracts on roots relied on a 17-h incu­
bation, which was selected fo r convenience. We tested shorter 
incubation times by comparing GUS-stained cells in the  root 
meristems a fte r 7, 12, and 17-h incubations (Figure 5A). 
Roots treated w ith  w ild-type extracts showed sim ilar num­
bers o f pCYCB1;1 ;:Gl/S-stained cells, regardless o f incubation 
tim e, indicating th a t w ild-type extracts did not contain any 
general pCYCB1;1::GUS inhibitors. The w ild-type roots incu­
bated w ith  bpsl extracts showed a significant decrease in 
pCYCB1;1::GUS-sta\ned cell numbers a fte r 12 or 17-h incuba­
tions, but not a fte r 7 h. This indicates th a t the  bps signal 
requires more than 7 h to  robustly and significantly affect 
roo t cell division. Because the  17-h incubation gave a robust 
response and was convenient, we retained th is as our default 
incubation time.
Next we analyzed the am ount o f extract required to  
reduce cell division in w ild -type roots. Extracts were typically 
isolated from  50 mg fresh w e igh t o f 7-day-old seedlings 
(—110 bpsl and 30 w ild-type seedlings). The polar extract 
was dried, re-suspended in 50-100 pi water (1.0-0.5 mg 
fresh w e igh t ph1), and supplied in 30-pl aliquots to  each 
m icrotiter dish well. We compared a d ilu tion  series o f 
w ild-type (L. er) and bpsl-1 extracts (1.0-0.01 mg pl_1)
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Figure 4. The bps Signal in Crude Extract Disrupts the Columella Cells 
in Wild-Type (WT) Roots.
(A) Five-day-old WT and bpsl with QC:46::GUS marker, GUS and 
lugol-stained.
(B) GUS and lugol-stained WT roots, with QC:46::GUS marker, treated 
with WT or bpsl extracts. Size bars: 50 pm.
(Figure 5B). In these experiments, we observed normal 
numbers o f pCYCB l ;1 ::GUS-sta'\r\ed cells in the  root meristems 
o f seedlings treated w ith  w ild -type extracts, regardless o f 
concentration, again confirm ing the  absence o f any general 
inh ib itors o f pCYCB1;1::GUS expression in these tissue 
extracts. Extracts from  bpsl-1 mutants showed activity when 
supplied in crude extracts, but only concentrations o f 1 .0  
and 0.5 mg fresh w e igh t pi-1 were robust and significant. 
Accordingly, the  remaining experiments used 0.5 mg pi-1 
extract concentrations, isolated from  bps1-l.
Partial Chemical C haracterization Suggests th a t the  bps 
Signal Is a M e tabo lite
Signaling molecules can be generally classified as peptides, 
RNAs, or small molecules (including lip id  derivatives and 
metabolites). As a step towards bps signal identification, we 
carried o u t some simple analyses to  classify the  compositional 
identity  o f the bps signal. First, we assessed its tem perature 
stability. We found th a t w ild-type and bpsl extracts, boiled 
fo r  15 min, showed the  same activity as the ir untreated con­
tro ls (Figure 5C). This result indicated th a t the  bps signal is 
heat-stable.
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Figure 5. Partial Characterization of the bps Signal.
(A) The time-course sensitivity of the wild-type (WT) root meristem to the bps signal (N = 14 for each sample).
(B) WT (L.er) and bps1-1 extracts were diluted to different strengths according to the fresh weight of the seedlings (N = 12 for each sample).
(C) Tests for sensitivity to heat, RNaseA and ProteinaseK of the bps signal (N = 20 for each sample). Results that are significantly different from the 
control samples are labeled with the letters a and b (Mann-Whitney U-test; a = P < 0.005 and b = P < 0.05).
A lthough heat stab ility m ight argue against the bps signal 
being a peptide, we also assessed w hether it was sensitive to  
protease treatm ent. A liquots o f w ild-type and bpsl extracts 
were e ither incubated in Proteinase K (1 mg ml-1, 2 h, 
37°C), or incubated on ice w ith o u t Proteinase K, and then 
tested fo r activity. We observed no effect o f Proteinase K 
trea tm ent on w ild -type or bps1 extracts (Figure 5C). Controls 
tested the  Proteinase K activity by incubation w ith  Bovine 
Serum A lbum in (BSA), analyzed by SDS-PAGE, and found the 
Proteinase K to  be highly activity (data not shown), making it 
unlikely th a t the  bps signal is a peptide/protein.
Finally, we tested whether the bps signal showed sensitivity 
to  RNaseA treatment. Aliquots o f w ild-type and bpsl extracts 
were incubated in RNaseA (1 mg m l1, 37°Cf 2 h). RNaseA 
treatm ent did not affect activity o f either the wild-type or bpsl 
extracts (Figure 5C). Controls tested the RNaseA activity by incu­
bation w ith  Arabidopsis RNA samples, analyzed by agarose gel, 
and found the RNaseA to  be highly active (data not shown); 
thus, it is unlikely tha t the bps signal is an RNA molecule. Taken 
together w ith  the Proteinase K result, these findings suggest 
tha t the bps signal is a small molecule, likely a metabolite.
General C onsiderations o f Bioassay D evelopm ent
Development o f a bioassay is a critical step towards biochem­
ical identification o f novel signaling molecules. Recently, a 
petiole-feeding bioassay was developed to  m onitor SDI, shoot- 
derived inhibitor, which regulates root nodulation in legumes 
(Lin et al., 2010). Like the bps signal, SDI is an unknown mobile
signal. Both the SDI and bps signal bioassays are quantitative 
and sensitive, and both reflect the unknown signaling mol­
ecule's biological activity. For SDI, the bioassay follows suppres­
sion o f root nodules, whereas, fo r the bps signal, which inhibits 
growth, the bioassay follows suppression o f cell cycle activity 
using the pCYCB1;l::GUS reporter (Colon-Carmona et al., 1999).
This cell cycle reporter has been w idely used to  analyze 
patterns o f g row th  (Donnelly et al., 1999; Disch et al., 2006). 
However, it has also been shown to  be sensitive to  gibberel- 
lins, brassinosteroids, cytokinin, miRNAs, and tyrosine sulfated 
peptides (Achard et al., 2009; Ruzicka et al., 2009; Matsuzaki 
e t al., 2010; Rodriguez et al., 2010; Gonzalez-Garcia e t al., 
2011). This study extends this list to  include the  bps signal.
Because pCYCB1;1::GUS expression can respond to  diverse 
signals, we carried out extensive tests to  ensure our experi­
ments were fo llow ing  the  bps signal. We observed reduced 
pCYCB1;1::GUS expression w hether the  bps signal was sup­
plied by g rafting  or as a crude polar m etabolite extract. We 
also observed reduced pCYCBl;1 ::GUS expression fo r  tw o  d if­
fe ren t bpsl alleles. Control extracts, th a t is extracts from  tw o  
w ild -type accessions and one stunted m utant, d id not reduce 
pCYCB1;1::GUS expression. Finally, the  same extracts tha t 
diminished pCYCB1;1::GUS expression also induced the  loss o f 
columella cell starch granules, which is another bpsl pheno­
type. Together, these observations indicate th a t the bioassay 
does provide a readout fo r the bps signal.
Development o f this bps signal bioassay now allows us to  
start characterizing this mobile molecule, possibly by fu rthe r
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sub-fractionation strategies o f the obtained polar extracts. 
Characterized m obile signaling molecules include peptides, 
mRNAs, and metabolites, and our data strongly suggest tha t 
the  bps signal is a small m etabolite. This assumption is based 
on the observation th a t the  bps signal is resistant to  RNase, 
protease, and heat, excluding the  possibility tha t it is e ither a 
polypeptide or an RNA. These properties are similar to  those 
o f SDI, where the  root nodulation bioassay revealed SDI to  
be a heat-stable, RNase and Protease-resistant molecule o f 
less than 1000 Da (Lin e t al., 2010). Finding th a t the bps sig­
nal is likely to  be a small m etabolite is also consistent w ith  
e ither a direct o r an indirect role fo r carotenoids in biosyn­
thesis o f the  bps signal (Van Norman and Sieburth, 2007). 
Future w ork identify ing  th is signal w ill be an im portan t step 
forw ard. Knowing the  bps signal's chemical identity  m ight 
a llow  us then to  identify  not only conditions th a t lead to  its 
synthesis in w ild -type plants, but also to  iden tify  the  path­
way th a t determines when and how  it is synthesized. Linking 
the synthesis o f the  bps signal in normal plants to  particular 
treatm ents w ill then a llow  us to  place this orphan signaling 
molecule in to  a broader biological context.
METHODS
Plant G row th
Plants were generally grown at 22°C in 24-h ligh t in 
Conviron TC-30 grow th  chambers. Col-0 seeds carrying the 
pCYCB1;1::GUS marker (Colon-Carmona et al., 1999) were 
grown in 96-well m icrotiter plates (three or fo u r seeds 
per well) fo r  the  bioassay. Each well contained 75 pi GM 
(0.5 MS salts (Caisson Labs), 0.5 g L_1 MES (Fisher Scientific), 
1% sucrose, and 0.5% agar (MP Biomedical). Extracts were 
prepared from  7-day-old seedlings grown on GM, except 
contain ing 0.8% agar, and bps1-1 and its w ild-type, L. er, 
were used unless otherwise noted.
G row th  Transmission o f the  bps Signal
G rafting was carried ou t using 4-day-old seedlings, w ith  
the g ra ft union stabilized by small siliconized tub ing  collars 
(Turnbull e t al., 2002). Agarose plugs tha t separated rootstock 
and scion were composed o f 0.8% agarose (Fisher Scientific, 
Molecular Biology Grade) in sterile water. M olten agarose 
was drawn in to  sterile siliconized tub ing  (0 .0 1 2 -inch internal 
diameter silicon tub ing, Helixmark Co.). Pieces approximately 
1-1.5 mm long were cut, and w ild-type (pCYCBl;!::GUS) and 
bpsl seedlings were cut transversely across the  hypocotyl. 
Shoot and root segments were inserted in to  opposite ends 
o f the  tub ing  and maintained on sterile GM (2% agar) fo r  24 
h. Agarose blocks th a t separated scion and rootstocks were 
about 0.5 mm.
G ra ft Transmission o f th e  C ytokin in
Grafting was carried ou t as described above, except the scions 
were transgenic seedlings carrying the pARR5:GUS transgene.
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Positive controls were no-root transient m icrografts where the 
agarose inside the siliconized tub ing  collars contained cyto­
kinin, le ft in place fo r 24 h. Concentrations tested ranged from  
1 pM to  1 mM, and both kinetin and 6 -Benzylaminopurine 
(Caisson Labs) induced a robust response. These positive con­
trols were compared to  transient m icrografts using w ild-type 
and bpsl roots, as described above.
GUS and Lugol S tain ing
GUS staining fo llow ed  previously published protocols 
(Sieburth and M eyerowitz, 1997) except 3 mM X-Gluc con­
centration and 3-h incubations (37°C) were used. Seedlings 
were cleared and mounted w ith  70% chloral hydrate solu­
tion. Counts o f the  blue-stained cells were carried out using 
an Olympus BX-50 compound microscope and visualized 
under 400x magnification. To visualize starch granules in the 
root apex, lugol staining was carried ou t as described (Tsai 
et al., 2009). Following staining, tissue was rinsed (water) 
and mounted in saturated chloral hydrate. Observations o f 
the  treated tissue were carried o u t using an Olympus BX-50 
microscope and images were captured w ith  d iffe rentia l in ter­
ference contrast optics on an Olympus BX-50 microscope.
Biochemical Analysis o f Seedling Extracts
Extracts were prepared from  7-day-old seedlings th a t had 
been collected in 50-mg aliquots and flash-frozen in liquid 
nitrogen. We prepared crude m ethanol-chloroform -water 
extracts (Giavalisco et al., 2008), which were dried in a speed- 
vac (Labconco) and were re-suspended in sterile de-ionized 
w ater (typically 1 0 0  pi).
To determ ine w hether the bps signal was sensitive to  RNase 
or Protease, crude extracts from  the  w ild-type and bpsl were 
incubated in RNase A (1 mg ml-1, 37°C, 2 h) and Proteinase K 
(1 mg ml-1, 37°C, 2 h), respectively. Controls included RNaseA 
trea tm ent o f p lant to ta l RNA and Proteinase K trea tm ent 
o f Bovine Serum Albumen, fo llow ed by gel analyses. Tests 
fo r  heat stability were carried ou t by incubating extract in 
a m icrofuge tube placed in a boiling w ater bath fo r  15 min. 
The treated extracts were then used in the bioassay, and the 
bps signal activity was compared to  w ild-type controls.
Statistica l Analysis
We used the  M ann-W hitney U-test to  test the  statistical sig­
nificance o f numbers o f pCYCB1;1::GUS-sta\ned cells fo llo w ­
ing various treatments. This method was selected because the 
data are not norm ally distributed (Supplemental Figure 1). In 
this method, a tw o-ta iled  probab ility  measure was used fo r 
all the data analyzed; statistical significance was determined 
at P-value o f <0.05 or <0.005.
Expression Analysis
Transcript levels were measured using qRT-PCR, w ith  three b io­
logical and tw o  technical replicates. Total RNA extracted from  
7-day-old seedlings (Qiagen RNeasy M ini Kit) was converted
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to  cDNA using Reverse Transcription System (Promega) fo llo w ­
ing the standard protocol. Real-time RT-PCR was carried out 
using three biological replicates and tw o  technical replicates. 
Reactions used 5 pi cDNA mixed w ith  20 pi o f SYBR green reac­
tion  m ixture (Fermentas), and run w ith  the  Mastercycler real- 
plex EP (Eppendorf). M elt temperature, standard curve, and 
product sizes were verified fo r all reactions.
Four genes were compared fo r the  internal reference 
(Actin2, GAPDH, At2g28390, and At1g 13320) (Zhang et al., 
2010) and At1g 13320 was selected, as its expression was the 
most stable among the samples. The expression o f each gene 
was calculated relative to  the expression o f internal control 
(At1g 13320) and normalized to  respective expression level 
in w ild-type. Primer sequences are provided in Supplemental 
Table 1.
SUPPLEMENTARY DATA
Supplementary Data are available a t Molecular Plant Online.
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To characterize the biosynthetic pathway for the bypass (bps) signal, a 
metabolite that is overproduced in roots of the Arabidopsis bypass1 (bps1) 
mutant, we used both chemical inhibitors and mutants to block select metabolic 
pathways. Because the bps signal causes severe shoot and root growth defects, 
the severity of the bps1 phenotype provided a simple method to assess bps 
signal synthesis. Levels of the bps signal were confirmed in selected 
genotypes/conditions using our bioassay44. Here we show that bps1 mutants are 
resistant to an analog of tryptophan (Trp), 5-methyl tryptophan (5-MT), 
suggesting that there is high Trp flux in bps1 mutants. When Trp biosynthesis is 
limited in bps1 mutants (through double mutants with trp2 and trp3 biosynthetic 
mutants), leaf development was partially rescued. The rescued phenotype is 
restored to bps1 when trp2 bps1 double mutants are grown on media containing 
Trp, and the bioassay also shows that trp2 bps1 double mutants have a reduced 
level of bps signal activity. These experiments suggest that Trp might be the 
biosynthetic precursor to the bps signal. One of the major products that are 
derived from Trp is the glucosinolates. Further genetic analyses eliminated 
glucosinolates as a bps signal precursor. These analyses provide very useful 
starting material for chemical fractionation in our search for the elusive bps 
signal. Knowing the chemical identity of this mobile compound is of strong 
interest because it would allow us to test whether normal plants produce it, as 
would be expected if it is a plant hormone.
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3.2 Introduction
The Arabidopsis bps1 mutant overproduces a compound, the bps signal, 
in its roots that acts locally to cause abnormal root development, and also 
functions long distance to cause the arrest of shoot growth. My main goal is to 
characterize the biosynthetic pathway of this compound and identify it chemically. 
My approach to characterize this compound’s biosynthetic pathway is to identify 
inhibitors that disrupt its synthesis or mutants with defects in biosynthesis. 
Previous work using inhibitors showed that the herbicide fluridone partially 
rescued the bps1 mutant phenotype40,45. Fluridone inhibits phytoene desaturase, 
which catalyzes an early step of carotenoid biosynthesis46. This observation 
supported a carotenoid origin for the bps1 root-derived signal. However, 
biochemical comparisons of carotenoid profiles failed to find support for 
carotenoids as the bps signal precursor (Sieburth, personal communication). An 
alternative interpretation of the carotenoid biosynthetic inhibitor experiments is 
that bps1 phenotypic rescue was due to plastid photooxidation, a consequence 
of carotenoid loss, not the loss of carotenoids themselves. Photooxidation would 
eliminate plastids, even plastids in the roots, and thus any biosynthetic pathway 
with a step that localized to plastids would be lost. Among the many pathways 
that have essential biosynthetic steps that are catalyzed in plastids, our studies 
implicated Tryptophan (Trp) as a strong candidate for the bps signal precursor.
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3.2.1 Tryptophan biosynthesis and metabolism
Trp is an essential amino acid and it serves as a building block for protein
synthesis in all organisms. Apart from protein synthesis, Trp is used as a
precursor for diverse compounds. For example, in animals, Trp is a precursor for
the neurohormone serotonin and the vitamin nicotinic acid. In plants, Trp is the
precursor for the synthesis of the phytohormone auxin. In the Brassicales, it is
also used for the synthesis of the antimicrobial phytoalexins, glucosinolates, and
both indole- and anthranilate-derived alkaloids47,48.
The biosynthetic pathways of Trp in both plants and microorganisms have
been well elucidated and they exhibit many biochemical similarities. Seven
different enzymatic steps lead to the synthesis of Trp from chorismate47: these
are catalyzed by anthranilate synthase, which is composed of alpha and beta
subunits (Fig. 3.1, step 1 )49,50; phosphoribosylanthranilate transferase (Fig. 3.1,
step 2)51; phosphoribosylanthranilate isomerase (Fig. 3.1, step 3)52; indole-3­
53glycerolphosphate synthase (Fig. 3.1, step 4 ) ;  the Trp synthase alpha subunit 
(Fig. 3.1, step 5)54 and the beta subunit (Fig. 3.1, step 6)54.
TRP3 and TRP2 genes encode TSA (the alpha subunit) and TSB (the 
beta subunit) of tryptophan synthase, respectively. TRP3 is required for the 
conversion of indole-3-glycerol phosphate into indole and TRP2 is required for 
the conversion of indole into tryptophan. The trp3-2 allele contains a nonsense 
mutation in the TSA gene and the TSA protein level is less than 10% of the wild 
type47. The trp2-1 allele is a recessive mutation in the TSB gene and it has 
reduced TSB subunit activity55,56. As might be expected when an essential
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amino acid is present in limited quantities, the trp3 and trp2 mutants exhibit 
developmental defects under normal growth conditions, including being small, 
and having pale-green leaves with dark veins47,57.
One of the major products that are derived from Trp is glucosinolates. 
Glucosinolates are naturally occurring glucosides, mainly produced in mustard, 
cabbage and horseradish, which contain sulfur and nitrogen. These natural 
chemicals are known to contribute to plant defense against herbivore and 
diseases. To date, more than 120 different glucosinolates are known to occur 
naturally in plants and they are categorized into aliphatic, aromatic, and indole 
glucosinolates. Indole glucosinolates (IGs) are produced from tryptophan. In 
Arabidopsis, IGs are produced from Trp by the enzymatic activity of two 
cytochrome P450 enzymes encoded by CYP79B2 and CYP79B3. CYP79B2 and 
CYP79B3 convert Trp to IAOx; IAOx can be converted to both IAA and ig 58,59. 
CYP79B2 and CYP79B3 are functionally redundant; neither of the single 
mutants, cyp79B2 and cyp79B3, have visible phenotypes. However, cyp79B2 
cyp79B3 double mutants have short hypocotyls, a smaller stature, and strongly 
reduced IG levels, suggesting that both CYP79B2 and CYP79B3 contribute to IG 
production60.
3.2.2 Amino acid analogs
Amino acid analogs are compounds that appear similar to amino acids 
structurally, and can be recognized by the translational machinery as the similar 
amino acid, but they do not have the same structure. This structural difference 
means that proteins incorporating the analog are unlikely to fold correctly, and
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thus often are unable to perform their functions. For example, enzymes
61synthesized with analogs might lack activity61. For this reason, most organisms 
are highly sensitive to supplied amino acid analogs. However, organisms have 
developed ways to resist the toxic effects of amino acid analogs. First, resistant 
cells might degrade the analog. Alternatively, resistant cells might alter the 
regulation of the pathway, leading to the overproduction of the amino acid 
effectively diluting the analog. Finally, resistance to amino acid analogs might
occur if the analog is used in an alternative biochemical pathway, again
62essentially diluting the concentration of the analog62.
Example of resistance to analog due to the overproduction of endogenous 
amino acid comes from an Arabidopsis mutant, amt-1. Endogenous Trp is over­
produced in amt-1 mutants and the overproduction is associated to amt-1 being 
resistance to a-methyltryptophan (aMT), an analog of Trp. amt-1 is a dominant 
mutant with a point mutation in ASA1 gene, and it has higher anthranilate 
synthase (AS) activity. ASA1 encodes the a subunit of AS and AS converts 
chorismate to anthranilate, the first step in the Trp biosynthesis pathway (Fig.
3.1). Due to the higher AS activity, Trp is up-regulated in these mutants. An 
interpretation of amt-1 resistance to aMT was linked to the overproduction of the 
amino acid, which diluted the toxic effect of aMT63,64.
Example of resistance where there is high flux of the amino acid analog 
comes from yucca mutants and plants overexpressing CYP79B2. CYP79B2 is 
an enzyme in the first committed step of IG production from Trp. yucca mutants 
and seedlings overexpressing CYP79B2 are resistant to 5-MT, an analog of Trp.
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The resistance of yucca mutants to 5-MT is connected to auxin being
overproduced in these mutants. Trp is the biosynthetic precursor to auxin and 5-
mT is less toxic to yucca mutants because it is removed from the Trp pool. 5-MT
is converted to 5-methyl IAA, which is an active auxin65. In Arabidopsis
seedlings, overexpressing CYP79B2 the concentration of Trp is decreased
because the conversion of Trp to lAOx is increased58.
Yet another example of resistance to amino acid analogs comes from
trp2-1 mutants. trp2-1 mutants are insensitive to the toxic effects of 5-
fluoroindole, an analog of Trp. trp2-1 mutant is deficient in TSB subunit activity
(Fig. 3.1). This result suggests that the toxicity is due to the conversion of 5­
66fluroindole to 5-flurotryptophan by wild type TSB protein66.
Here, we address the possibility that Trp might be the biosynthetic 
precursor to the bps signal by carrying out experiments using amino acid analogs 
and genetic approaches.
3.3 Materials and methods
3.3.1 Growth conditions and plant materials
Plants were grown at 220C in 24-hours light, in a Conviron TC-30 growth 
chamber, on petri-plates containing plant growth medium (GM). GM consists of
0.5X Murashige and Skoog salts (Cassion labs), 0.5 g L-1 MES (Fisher Scientific), 
1% sucrose, and 0.8 % agar (MP Biomedical, LLC). Seeds were imbibed in the 
dark at 40 C for 2 days prior to transfer to growth rooms.
Two bps1 mutant alleles were used for the experiments: bypass1-2 (bps1- 
2) is an insertion allele in Columbia-0 (Col-0) accession, and bypass1-1 (bps1-1)
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is an EMS-generated allele that was isolated in the Landsberg erecta (L .er) 
accession40. trp2-1 and cyp79B2 cyp79B3 were used to generate double and 
triple mutants with bps1-2. 7 dpi (days post imbibition) bps1-1, bps1-2, trp2-1 
bps1-2, cyp79B2 cyp79B3 bps1-2 and their respective wild type seedlings were 
used for phenotypic assessment as well as metabolite extraction for the 
bioassay.
3.3.2 Amino acid and amino acid analogs treatments
Wild type and bps1 seedlings were grown on GM containing 5-MT (Sigma- 
Aldrich) and L-canavanine (an analog of arginine)67 (Sigma-Aldrich) at 0, 25, 50, 
75, and 100 ^M concentrations and DL-4-flurophenylalanine (an analog of 
phenylalanine)68 (Sigma-Aldrich) at 0, 40, 80, 120, and 160 ^M concentrations. 
The seedlings were grown at 220 C, 24-hours day light and the phenotypes were 
examined at 7 dpi. For Trp supplement experiments, trp2-1 bps1-2, bps1-2, trp2-
1, and Col were grown on GM containing 250 ^M Trp (Sigma-Aldrich).
Phenotypic assessment of seedlings grown on the Trp media was done at 12 dpi.
3.3.3 Construction of double and triple mutants, 
and genetic analysis
Double and triple mutants that combined bps1-2 with trp2-1, trp3-1, or 
cyp79B2 cyp79B3 were generated using standard approaches. To make the 
genetic background consistent (all Col-0), the bps1-2 allele was used for all the 
crosses. We crossed heterozygous bps1-2 with homozygous trp2-1, trp3-1, or 
cyp79B2 cyp79B3 lines. All seedlings in the F1 generation were heterozygous
36
for trp2-1 or trp3-1 and they were either wild type (WT) or heterozygous for bps1. 
F1 generation plants were allowed to self-pollinate to generate F2 generation. 
Parents of the F2 generations that were heterozygous for both trp2-1 or trp3-1 
and bps1 were identified, by testing if the seeds segregated homozygous trp2-1 
or trp3-1 and bps1 mutants. F2 generations from the double heterozygous 
parents that were homozygous for trp2 or trp3 and heterozygous for bps1 were 
identified. Lines homozygous for trp2-1 or trp3-1 were identified by analyzing the 
phenotype of the seedlings. Heterozygous bps1 lines were identified by testing if 
the seeds segregated homozygous bps1.
To generate cyp79B2 cyp79B3 bps1 triple mutants, heterozygous bps1-2 
was crossed to homozygous cyp79B2 cyp79B3. All seedlings in the F1 
generation were heterozygous for cyp79B2 cyp79B3 and they were either WT or 
heterozygous for bps1. F1 generation plants were allowed to self-pollinate to 
generate F2 generation. Parents of the F2 generations that were heterozygous 
for both cyp79B2 cyp79B3 and bps1 were identified. Lines that were 
heterozygous for cyp79B2 cyp79B3 were analyzed by genotyping and 
heterozygous bps1 were identified by testing if the seeds segregated 
homozygous bps1 mutants. F2 generations from the double heterozygous 
parents that were homozygous for cyp79B2 cyp79B3 and heterozygous for bps1 
were identified by approaches similar to that described above.
3.3.4 Analysis of the bps signal activity
The bps signal activity was quantified using the bioassay as described in 
Chapter 244. 75^l of GM was placed in each well of a 96-well microtiter plate,
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and three to five Col-0 seeds containing pCYCB1;1::GUS marker were sown on 
each well. Extracts were prepared from 7 dpi seedlings that had been collected 
in 50-mg aliquots and flash-frozen in liquid nitrogen. We prepared crude 
methanol-chloroform-water extracts, which were dried in a speed-vac (labconco) 
and were resuspended in water (120^l). 40^l of the extract was applied to each 
well of the microtiter plate; extracts from each genotype were applied to three 
wells and incubated for 17 hours. After 17 hours the seedlings were taken out of 
the microtiter plate and were GUS stained for 3 hours. GUS staining followed 
previously published protocols69 except 3mM X-Gluc concentration and 3 hours 
incubation (370) were used. Seedlings were cleared and mounted with 70% 
chloral hydrate solutions. The number of GUS positive cells in the wild type root 
meristems were counted using an Olympus BX-50 compound microscope under 
400X magnification.
3.4 Results
3.4.1 Amino acid analog-resistance suggests that bps1 
mutants have high Trp flux
A chance observation led us to test the response of bps1 mutants to 
amino acid analogs. We grew bps1 and wild type plants on media supplement 
with 5-methyl tryptophan (5-MT), an analogue of Trp. Both the bps1-1 and bps1-
2 alleles showed similar responses. Wild type, both Col and L. er, which are 
sensitive to 5-MT, showed reduced hypocotyl length, shorter roots, and smaller 
cotyledons than the controls on the lowest concentration tested, 25 ^M of 5-MT. 
At 50 ^M and 75 ^M of 5-MT, the roots were even shorter and the cotyledons
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were much smaller. At the highest concentration tested, 100 ^M, the seedlings 
germinated but did not develop cotyledons and leaves. This observation 
suggested that the wild type seedlings showed a dose-dependent sensitivity to 5- 
MT (Fig. 3.2A). However, at all concentrations tested, both the alleles bps1-2 
and bps1-1 looked similar to bps1 grown on control media (Fig. 3.2A). This 
observation indicated that bps1 mutants were 5-MT resistant. To test if bps1 
seedlings were resistant to all amino acid analogs, or whether resistance was 5- 
MT specific, we grew bps1 mutants on media containing L- canavanine or 4- 
fluorophenylalanine, analogs of arginine and phenylalanine, respectively. Wild 
type seedlings, both Col and L. er, showed a similar sensitive phenotype to L- 
canavanine as they showed to 5-MT, i.e., reduced hypocotyl length, shorter 
roots, and smaller cotyledons. Similar to wild type, both bps1-2 and bps1-1 
alleles were also sensitive to all the concentrations tested. However, bps1-1 was 
more sensitive to L-canavanine than bps1-2 (Fig. 3.2B). Wild type seedlings, 
both Col and L. er, showed a similar response of sensitivity to 
4-flurophenylalanine; however, the sensitivity was less severe than that to 5-MT 
or to L-canavanine (Fig. 3.2C). Similar to wild type, both bps1-2 and bps1-1 
alleles showed a sensitive phenotype to all concentrations of 4- 
flurophenylalanine and L-canavanine. This suggests that resistance of bps1 
mutants is 5-MT-specific (Fig. 3.2C).
There are two general ways that resistance to amino acid analogs can
occur. One way is the up-regulation of the production of the natural amino acid,
61which effectively dilutes the analog61. The other way is to deplete the analog,
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e.g., by diluting the analog into an alternative pathway. Because we believe that 
bps1 mutants overproduce the bps signal, it is attractive to hypothesize that 
resistance to 5-MT in bps1 mutant results from the incorporation of 5-MT into the 
bps signal, suggesting that the natural precursor to the bps signal is Trp.
3.4.2 Limiting TRP biosynthesis partially suppresses the bps1 
phenotype and the amount of bps signal is reduced
We reasoned that if Trp is the precursor to the bps signal, then double 
mutants that reduced Trp biosynthesis might also limit the synthesis of the bps 
signal, and so result in a partially rescued phenotype. To test this possibility, we 
generated bps1-2 double mutants with trp2-1 and trp3-1 mutants. The trp3-1 
mutant has a lesion in the Trp synthase a subunit and trp2-1 has a mutation in 
the Trp synthase p subunit, and both have reduced Trp levels47,54. Homozygous 
trp3-1 and trp2-1 single mutants produce small leaves that are pale yellow in 
color (Fig. 3.3). bps1 mutants develop small leaf primordia, with no trichomes, 
that arrest prior to leaf blade expansion40 (Fig. 3.3). However, homozygous trp2 
bps1 and trp3 bps1 double mutants produced broad well-developed leaves with 
trichomes, similar to that of wild type (Fig. 3.3). The chi-square value for the 
seedlings with bps1-like phenotype indicated that the partial rescue of these 
double mutants was statistically significant (Table 3.1).
The suppressed phenotype of trp2 bps1 and trp3 bps1 mutants might be 
due to reduced Trp levels. If this was the case, we hypothesized that if the 
double mutants are supplied with exogenous Trp, the phenotype will revert back 
to bps1-like. To test this possibility, we supplied Trp to trp2 bps1 and trp3 bps1
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double mutants by growing them in media containing Trp. When trp2 bps1 and 
trp3 bps1 mutants were grown on regular media, they developed well-developed 
leaves with trichomes, whereas bps1 single mutants produced small, radialized 
leaves without trichomes when grown on regular media. When trp2 bps1 and 
trp3 bps1 double mutants were grown on media containing 250 ^M Trp, they 
showed a phenotype similar to bps1 single mutants (Fig. 3.3). This indicated that 
the bps1-like phenotype was reinstated when there is Trp availability, suggesting 
that the bps signal derived from Trp. These observations link TRP availability to 
production of the bps signal.
To test whether the bps signal was reduced in trp2 bps1 double mutants, 
we quantified the bps signal in the double mutants using the bioassay. Extracts 
from negative controls, Col and trp2, showed a normal number of dividing cells in 
WT root meristem. Extracts from positive control, bps1-2, showed a reduced 
number of dividing cells in the WT root meristem. trp2 bps1 extracts showed a 
reduced number of dividing cells than the wild type extracts but higher number of 
dividing cells than the bps1-2 extracts (Fig. 3.4). This result confirms that the 
trp2 bps1 double mutants have a reduced level of the bps signal in comparison to 
bps1 single mutant. Taken together, these data indicate that a supply of Trp is 
required for the production of bps signal, and suggest that Trp might be the 
biosynthetic precursor to bps signal.
3.4.3 bps signal is not indole glucosinolate or its derivative
Partial rescue of the trp2 bps1 double mutant phenotype suggested that 
Trp is the biosynthetic precursor of the bps signal. One of the major sinks for Trp
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in Arabidopsis is the production of indole glucosinolates (IG)70. It is possible that 
the bps signal is derived from the IG pathway. If this were the case, we predicted 
that if we blocked IG synthesis in the bpsl mutants, the bpsl mutant would show 
a rescued phenotype. To test this possibility, we generated triple mutants by 
combining bps1-2 and cyp79B2 cyp79B3 double mutants. cyp79B2 and 
cyp79B3 are the mutants of two cytochrome P450 enzymes, CYP79B2 and 
CYP79B3. These enzymes carry out the first step of the glucosinolate 
biosynthetic pathway, conversion of Trp into indole-3-acetaldoxime (IAOx)58 (Fig.
3.1). The bps1-2 cyp79B2 cyp79B3 triple mutants were indistinguishable from 
bps1-2 single mutants (Fig. 3.5).
To confirm that the bps signal was still produced in these triple mutants, 
we quantified bps signal activity in the triple mutants using the bioassay.
Extracts from controls, wild type (Col), and the cyp79B2 cyp79B3 double mutant 
showed a normal number of dividing cells in the WT root meristem. Extracts 
from cyp79B2 cyp79B3 bps1-2 triple mutants showed a reduced number of 
dividing cells similar to that of extracts from bps1-2 single mutants (Fig. 3.4).
This result implied that bps1-2 cyp79B2 cyp79B3 triple mutants have a similar 
level of bps signal as the bps1-2 single mutants. These results indicated that the 
bps signal is not derived from the glucosinolate pathway.
3.5 Discussion
Plants utilize long-distance signaling to communicate information from root 
to shoot or from shoot to root. One group of signaling molecules that plays a vital 
role in long-distance communication is small metabolites. The main goal of the
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project described here is to identify the small metabolite that is overproduced in 
Arabidopsis mutant, bps1, and that causes growth arrest. bps1 mutant roots 
produce a graft-transmissible signal, bps signal, that causes abnormal root 
development and shoot growth is arrested40. We want to know if the bps signal 
is a novel plant hormone. Identification of the bps signal might allow us to begin 
to understand whether normal plants produce it, at what conditions they produce 
it, and how BPS1 controls its production.
Previous work to identify the bps signal supported a carotenoid origin for 
the bps signal. Inhibitor of carotenoid biosynthesis, fluridone, partially rescued 
the bps1 phenotype45. The simplest explanation of these results was that a 
carotenoid was the precursor to bps signal. However, biochemical comparisons 
of carotenoid profiles did not support carotenoid as the precursor to the bps 
signal45. An alternative interpretation for this result is that the partial rescue of 
the bps1 mutants was due to the plastid photooxidation that is caused by the loss 
of the carotenoid. Plastid photooxidation eliminates plastids, thus any 
biosynthetic pathway with a step that is localized to plastids would be lost. A 
pathway that has essential biosynthetic steps that are catalyzed in plastids is Trp 
biosynthesis. Thus, we considered Trp as a good candidate for the bps signal 
biosynthesis pathway.
We tested for Trp as the biosynthetic precursor to the bps signal by using 
both analogs and genetic approaches. Using an analog approach, we showed 
that bps1 mutants are resistant to 5-MT, an analog of Trp. The resistance of 
bps1 mutants to amino acid analogs was specific to Trp; bps1 mutants were as
43
sensitive as the wild type when they were grown on media containing 4- 
fluorophenylalanine or L- canavanine, analogs of phenylalanine and arginine, 
respectively. The toxicity of 5-MT to seedlings is due to 5-MT being incorporated 
into proteins in place of Trp so that the proteins produced do not fold properly or 
lose activity. However, cells can acquire resistance in two different ways. One 
way is that Trp might be overproduced, which will dilute the toxic effect of 5-MT. 
Alternatively, 5-MT might be fed into the production of a compound that uses Trp 
as its biosynthetic precursor. The reasonable explanation of the bps1 mutants 
being 5-MT resistant is that the mutants have high flux of 5-MT into bps signal 
production. If this was the case, we reasoned that Trp might be the biosynthetic 
precursor to the bps signal. To test if Trp was the biosynthetic precursor to the 
bps signal, we used a genetic approach. We observed partial rescue of leaf 
development in bps1 mutants when double mutants were generated between 
bps1 and trp2 or trp3, mutants in the Trp biosynthesis pathway. We further 
showed that the rescue of bps1 leaf development in the double mutant was due 
to the reduced Trp level. When trp2 bps1 or trp3 bps1 double mutants were 
grown on media supplemented with Trp, the bps1 like phenotype was restored.
By using the bps signal bioassay, we showed that the metabolite extracts from 
trp2 bps1 double mutants had a reduced level of bps signal. This finding 
correlated with the phenotypes of the trp2 bps1 double mutant and suggested 
that the phenotypic rescue of trp2 bps1 double mutant is due to the reduction of 
the bps signal production and the bps signal is Trp derivative.
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Our big question is if Trp is the precursor to the bps signal, then what is 
the bps signal. The major product that is produced from Trp is indole 
glucosinolates. So, we tested if bps signal is derived from indole glucosinolates. 
When we generated bps1 triple mutants with cyp79B2 cyp79B3 double mutants, 
triple mutants were indistinguishable from bps1 single mutants. The cyp79B2 
cyp79B3 mutants cannot catalyze the production of lAOx from Trp, which is 
required for the production of indole glucosinolates. We have shown that 
metabolite extracts from cyp79B2 cyp79B3 bps1 triple mutants have a similar 
level of bps signal activity as the bps1 single mutants. These results indicate that 
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Figure 3.1: The tryptophan biosynthesis and metabolism pathway. Genes 
with mutations are shown on the left, and enzyme names and step numbers (in 
parentheses) on the right; ^ ^ ^ m e a n s  >1 steps. CdRP = 1-(O- 
carboxyphenylamino)-1-deoxyribulose-5-phosphate. Figure modified from 
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Figure 3.2: Seedling phenotype of wild type and bpsl mutants grown on 
media containing amino acid analogs. Depicted here are 7 dpi (days post 
imbibition) seedlings. Col and L .er are sensitive to 5-MT (A), L-Canavanine (B), 
and 4-Flurophenylalanine (C). bps1-2 and bps1-1 are resistant to 5-MT (A) but 
are sensitive to L-Canavanine (B) and 4-Flurophenylalanine (C) at all the 
concentrations tested. Size bars = 2mm.
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Figure 3.3: Phenotypes of bpsl trp2 and bpsl trp3 mutants. Shown are 
images of 12 dpi seedlings grown on regular growth media (GM) or GM 
containing 250 ^M Trp. WT (Col) had normal well-developed leaves with 
trichomes. bps1-2 mutant produced small-radialized leaf primordia without 
trichomes. trp3-1 and trp2-1 mutants had smaller leaves than WT and they were 
pale in color. trp3 bpsl and trp2 bpsl double mutants developed well-developed 
leaves with trichomes and when they were grown on media supplemented with 
Trp, the seedlings were indistinguishable from bpsl. Size bar = 1mm.
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Figure 3.4: Bioassay quantification of bps signal shows that the bps signal 
is derived from Trp but not from IGs pathway. Box and whisker plots of the 
number of pCYCB1;1::GUS-stained cells in WT roots treated with extracts from 
several genotypes. (A) Quantitative measure of the bps signal activity. WT roots 
treated with extracts from controls, Col or trp2, had normal numbers of dividing 
cells. WT roots treated with extracts from bps1-2 had reduced numbers of 
dividing cells, whereas those treated with extracts from trp2 bpsl double mutants 
had increased numbers of dividing cells as compared to bpsl extracts but slightly 
reduced than those treated with Col or trp2 extracts. (B) Quantitative measure of 
the bps signal activity. WT roots treated with extracts from controls, Col or 
cyp79B2 cyp79B3, had normal numbers of dividing cells. WT roots treated with 
extracts from bps1-2 had reduced numbers of dividing cells, whereas from 
cyp79B2 cyp79B3 bps1 had similar numbers of dividing cells as bps1-2.
Table 3.1: Genetic analysis of trp2 bpsl and 
trp3 bpsl double mutants
Plants analyzed Total (n) WT-like and trp-like (n)
Predicted 
bps 1-2 like (n)
Observed 
bps 1-2 like (n) Chi-square
Suppressed 
bps 1-2 (n)
Bps1-2/bps1-2 321 240 80.25 81 0.007 0
trp2- 1/trp2-1; Bps 1 -2/bps 1 -2 306 229 76.5 20 41.72 57
trp3- 1/trp3-1; Bps 1 -2/bps 1 -2 305 228 76.25 43 14.67 34
Hypothesis: There was no difference in the predicted and observed frequency of seedlings with bps1-\\ke 
phenotype.
Chi-square value for seedlings with bpsl-like phenotype was rejected. This indicated that the partial rescue of 
bpsl mutants was statistically significant.
Chi-square values at 95% confidence is 3.841 when df= 1.
bps1-\\ke phenotype = Seedlings with small, radialized leaves without trichomes.
Suppressed bpsl = bpsl seedlings that produced well-developed leaves with trichomes.
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Col bps1-2
cyp79B2 cyp79B3 cyp79B2 cyp79B3 bps 1
Figure 3.5: Seedling phenotypes of cyp79B2 cyp79B3 bpsl triple mutants.
Depicted here are 7 dpi seedlings. Col and cyp79B2 cyp79B3 seedlings had 
normal well-developed leaves with trichomes. The bps1-2 mutant produced 
small-radialized leaf without trichomes and the leaf development is arrested soon 
after initiation. The cyp79B2 cyp79B3 bpsl triple mutant was indistinguishable 
from bpsl-2. Size bar = 1mm.
CHAPTER 4
TOWARDS IDENTIFICATION OF THE bps SIGNAL
4.1 Abstract
The Arabidopsis bypassl (bpsl) mutant roots overproduce a compound 
that is mobile and shows properties resembling a signaling molecule; we call this 
the bps signal. The bps signal is transported to the shoot and causes shoot 
arrest and also cause root defects. My primary goal was to carry out biochemical 
characterization and to work out purification strategies for the identification of the 
bps signal. Chemical characterization will be important, as it will allow us to 
determine when normal plants produce it. To characterize the bps signal 
chemically, we prepared aqueous extracts that were then subjected to a variety 
of fractionation procedures including SPE columns and HPLC, and mass 
spectrometry was used for compound detection. The partitioning of the bps 
signal was determined by using the bioassay. Using solid phase extraction 
(SPE) procedures, we show that the bps signal is a positively charged polar 
metabolite. Ultra Performance Liquid Chromatography (UPLC) was used for the 
fractionation and chemical separation was carried out using Hydrophilic 
Interaction Liquid Chromatography (HILIC). pHILIC (Ph9.2) and cHILIC (ph3.2) 
columns were used for the separation. Using a pHILIC analytical column, we 
identified one compound in the negative mode and two compounds in the 
positive mode MS detection as potential bps signal candidates. However, the 
active 30-second fraction, obtained from the pHILIC semipreparative column, did 
not contain these candidate compounds; instead it contained a different set of 
metabolites. When the 30-second active fraction was resolved using a different 
chemistry by employing a cHILIC analytical column, many additional compounds
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were identified. This result suggested that ion suppression underestimated the 
composition of the 30-second active fraction, and that much more additional work 
is required before we can conclusively identify the bps signal.
4.2 Introduction
Metabolites are small organic compounds synthesized by organisms using 
enzyme-mediated chemical reactions71. Plants produce a variety of metabolites 
that are categorized into primary and secondary metabolites. Primary 
metabolites are compounds that are essential for growth and development and 
include carbohydrates, lipids, proteins, and nucleic acids. Secondary metabolites 
are generally nonessential for the basic metabolic processes but play a vital role 
in a plant’s survival in the environment and include alkaloids, trepenoids, and 
phenolics71,72. Plants produce a staggering variety of secondary metabolites that 
play important roles in both defense and interaction with its environment. For 
example, floral scent volatiles and pigments have evolved to attract insect 
pollinators and thus enhance fertilization rates73,74. Chemicals found in fruits can 
act as signaling molecules by providing color, aroma, and flavor. These 
chemicals act as potential rewards for animals in the form of sugars, vitamins, 
and amino acids and help in seed dispersal71. Examples of metabolites that act 
in defense mechanisms against pests such as insects, pathogenic fungi, and 
bacteria are phenylpropanoids, isoprenoids, alkaloids, or fatty acid/polyketides72. 
There are other metabolites that are known to serve cellular functions, for
7 5examples resistance to drought, temperature, or salt75. In the condition of 
drought, endogenous ABA levels significantly increase, as revealed by
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metabolite profiling. This then regulates the accumulation of various amino acids 
and sugars such as glucose and fructose75,76. In tolerance to temperature stress 
proline, monosaccharides (glucose and fructose), galactinol, and raffinose play 
important roles77.
Because of the important functions performed by metabolites, an 
important goal in plant biology is to identify biologically active metabolites and to 
define their pathways. The pathways that produce many secondary metabolites 
have not yet been elucidated. The identification of metabolites in a particular 
pathway will be a step forward in clarifying the function of the pathway and the 
enzymes involved. However, identification of unknown metabolites is a 
technically challenging task. Several chromatographic methods including paper, 
thin layer, gas, ion exchange, and liquid have been used to identify plant 
metabolites. Recently, the new generation of analytical technologies, which 
include liquid chromatography (LC)- mass spectrometry (MS) and nuclear 
magnetic resonance (NMR), has been extensively used for the chemical 
identification78.
4.2.1 Strategy for the bps signal identification
Our general strategy for the identification of the bps signal was to use 
chemical fractionation followed by a bioassay to identify which fraction contained 
the bps signal (Fig. 4.1). Metabolites were first extracted using MeOH: CHCL3: 
H2O as described in44, and then fractionated using SPE. The SPE columns 
tested include reverse phase, normal phase, and ion exchange. Further 
purification was carried out using HPLC for eventual MS and MS/MS analysis.
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First, we compared metabolite profiles of bpsl single mutants with wild 
type. Significantly up-regulated metabolites in bps1-1 and bps1-2 in comparison 
to their respective wild types were sorted and assigned as a working metabolite 
list. We then examined metabolites of specialized genotypes. We analyzed 
metabolites from bps1 trp2 and bps1 cyp79B2 cyp79B3 mutants, because 
specific predictions could be made regarding the level of the bps signal. The 
bps1 trp2 showed a suppressed phenotype, and the bioassay indicated reduced 
bps signal. In contrast, the bps1 cyp79B2 cyp79B3 mutant has a normal severe 
phenotype and the bioassay indicated a normal level of the bps signal. These 
had altered secondary metabolite profiles that either contained or lacked a 
specific compound. Significantly altered metabolites were identified by 
comparing the compounds in the mutants and their respective wild types.
4.3 Material and methods
4.3.1 Plant material and growth conditions
The Arabidopsis thaliana Col, L .er, bps1-2 (Col background), bps1-1 (L 
.er background), trp2-1, trp2-1 bps1-2, cyp79B2 cyp79B3, and cyp79B2 cyp79B3 
bps1-2 were used for metabolite extraction. Seedlings were grown, as described 
in40 and Chapter 3, at 220C in 24-hours light on petri-plates containing plant 
growth media (GM). In addition to regular media, trp2-1 and trp2-1 bps1-2 
seedlings were also grown on GM supplied with 250 ^M TRP (Sigma Aldrich). 
Aliquots of 50 mg of 7 dpi whole seedlings were placed in 2 ml tubes with 0.5 mm 
glass beads (MO BIO), flash-frozen in liquid nitrogen and were either used 
immediately for extraction or stored at -800C.
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4.3.2 Crude metabolite extraction
We based our extraction protocol on one published by Giavaliso79. Our 
modifications include homogenization of tissue for 1 min using an Omni Bead 
Rupture 24 (Omni International). Hydrophilic metabolites were extracted from 
each aliquot using 1 ml of a mixture of cold methanol/water/chloroform (HPLC 
grade, Sigma-Aldrich) at 25:10:10 ratio (Fig. 4.1). Extraction was expedited by 
vigorous shaking for 20 min at 40C and then sonication (Branson 2510, 
Eppendorf) for 10 min at room temperature. After this, 250^l water was added, 
vortexed, and the tubes were spun down for 10 min at 1300 RCF in a tabletop 
centrifuge (Eppendorf). The supernatants, which contained polar compounds, 
were transferred to a fresh 1.5 ml microfuge tube. The sample was dried down in 
an en vacuo (Barnstead, Genevac).
4.3.3 Trapping the bps signal in an agarose block
Previously, we showed that the bps signal can exit the root, and cross an 
agarose block44. This observation provided us another method for isolating the 
bps signal, that is, by trapping it in an agarose block. To maximize the amount of 
trapped bps signal, silicon tubing containing 0.8 % agarose (Fisher Scientific, 
Molecular Biology Grade) in sterile water was set up with roots coming out both 
ends. Five 4 dpi L .er or bps1-1 roots were inserted in the opposite ends of the 
silicon tubing (agarose approximately 0.5 mm in length). This set-up was 
maintained in sterile petri-plates containing GM with 1.5% agar for 24 hours. A 
no-root control was produced by maintaining an identical agarose block inside 
the silicon tubing and under the same conditions as the test samples. The
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agarose blocks were taken out of the tubing and metabolites were extracted 
following the same method as used for seedlings. These extracts were also 
used for HPLC fractionation and MS analysis to identify the metabolites (Fig.
4.1).
4.3.4 Solid phase extraction (SPE)
SPE is a separation process by which compounds that are dissolved in a 
liquid solution are separated according to their physical and/or chemical 
properties. Compounds are separated based on their relative affinity for the solid 
phase of the column through which sample is passed, for example, based on 
charge or hydrophobicity. Our goal was to simplify the composition of the active 
metabolite extract. Therefore, SPE columns in which the fraction with the 
desired analyte (the bps signal) was retained in the stationary phase provided 
one round of purification. SPE columns are available in a wide variety of 
chemistries, such as reverse phase, normal phase, and ion exchange. All these 
three types of SPE columns were implemented for the separation of the bps 
signal from other compounds in the sample.
The reverses phase C-18 column (Discovery DSC-18, Sigma Aldrich) was 
employed for the fractionation of the crude extract. The column was washed and 
equilibrated with 4 ml MeOH and 4 ml H2O, respectively, using a vacuum 
extraction manifold (Supelco). The vacuum was maintained at five HG. The 
crude extracts were suspended in 400 pl H2O, loaded onto the column, and the 
column was washed with H2O. The flow-through and the wash were pooled to 
make a single fraction, which we call flow-through. Finally, the remaining
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metabolites were eluted with 100% MeOH. The flow-through and elute fractions 
were dried down en vacuo.
The normal phase ZIC-HILIC SPE column (SeQuant, The Nest Group) 
was also employed for fractionation of the crude extract. The column was 
washed with 2 ml H2O and equilibrated with 2 ml MeOH, using a vacuum 
extraction manifold (Supelco). The vacuum was maintained at five HG. The 
crude extract was suspended in 400 ^l 50% MeOH and was loaded onto the 
column. The column was washed with 50% MeOH; the flow-through and the 
wash were pooled together to make a single fraction. The metabolites that were 
retained in the column were eluted with H2O. The flow-through and eluate 
fractions were dried down en vacuo.
To understand if the bps signal is a positively charged molecule, a mixed 
cation exchange (MCX) SPE column (Oasis, Waters) was employed. The 
column was washed and equilibrated with 1 ml MeOH and 1 ml 0.5% formic acid, 
respectively, using a vacuum extraction manifold (Supelco). The vacuum was 
maintained at five HG. The crude extracts were resuspended in 0.5% formic acid 
and were loaded onto the columns. The first wash of the column was carried out 
with 1 ml 0.1% formic acid. The flow-through and the first wash were pooled 
together to make a single fraction. This step was followed by a second wash by 
1 ml MeOH. Finally, the metabolites were eluted with 1 ml 5% NH4OH solution. 
The flow-through, MeOH wash, and eluate fractions were dried down en vacuo.
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4.3.5 Sample preparation for LC-MS analysis
Dried samples, either C-18 flow-through or MCX eluate, which contained 
bps signal activity, were suspended in 50 pl of a 90% acetonitrile/10% 10mM 
ammonium formate solution for the pHILIC (pH9.2) and cHILIC (pH3.2) analytical 
columns. Samples were prepared using the same procedure for the pHILIC 
semi-preparative, except the suspension volume was 100 pl and the number of 
samples that were pooled together for each run was increased. A total of 12 
crude extracts were run through the C-18 column and the flow-through was 
pooled together for each semipreparative run. For the purification using a MCX 
column, a total of 16 crude extracts were run through C-18; flow-through were 
collected and were run through the MCX columns. All the MCX eluate fractions 
were pooled together for each semipreparative run. The samples were vortexed, 
sonicated for 5 min, and centrifuged at 1400 RPM for 5 min. The supernatant 
was transferred to an auto-sampler vial and 2 pl or 20 pl of the sample was 
injected onto the analytical or semipreparative column, respectively.
4.3.6 LC-MS analytical analysis
An agilent 1290 liquid chromatography system consisting of two binary 
pumps, an auto sampler, and a column compartment was employed for sample 
analysis. Analytical columns, SeQuant ZIC-pHILIC and SeQuant ZIC-cHILIC, 
were used at basic pH (9.2) and acidic pH (3.2), respectively. The solvent 
system consisted of acetonitrile and 10 mM ammonium formate (pH9.2 or 
pH3.2). The liquid chromatography was programmed at 95% acetonitrile/5% 10 
mM ammonium formate for 1 min followed by 20 min ramp to 40%
60
acetonitrile/60% 10 mM ammonium formate at 0.2 ml/min. An agilent 6550 
QTOF was employed for mass spectrometric analysis. Each sample was run in 
both the positive and negative mode to fully capture the metabolome.
Targeted MS/MS-based experiments were performed to characterize 
potential metabolites that were altered in our screen. Fragmentation energy was 
20 eV.
4.3.7 LC-MS semipreparative analysis
Semipreparative analysis was performed on an agilent 6520 UPLC-QTOF 
mass spectrometer system using a Merck SeQuant ZIC-pHILIC semipreparative 
column (150 x 4.6 mm). A two-solvent system was used for elution of the 
compounds and maintaining pH: acetonitrile (HPLC grade, Sigma-Aldrich) and 
10 mM ammonium formate (pH 9.2) (HPLC grade, Fluka). 20 ^l samples were 
injected from the auto-sampler. Initial column conditions were 95% 
acetonitrile/5% 10mM ammonium formate with a 1 min hold time; following this, a 
20 min ramp to 40% acetonitrile/60% 10mM ammonium formate was performed. 
Flow rate was 1 ml/min. Following separation, the column was re-equilibrated for 
20 min, a total run time of 46 min. Fractions of 0.8 ml were collected on a Biorad 
fraction collector using a flow-splitter with 0.8 ml/min to the fraction collector and
0.2 ml/min to the mass spectrometer.
4.3.8 Data analysis
Data were analyzed using a nontargeted approach. Files were filtered for 
noise and converted to .cef files using Mass Hunter Qualitative software. These
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data were transferred to Mass Profiler Professional, which identifies metabolites 
whose abundance is altered with statistical significance. Recursive analysis was 
used to remove salt adducts and to produce a putative molecular formula.
Further metabolite identification was performed using the METLIN database.
4.3.9 Statistical analysis
The Mann-Whitney U-test was used to test the statistical significant of the 
bioassay (i.e., numbers of pCYCLB1;1::GUS-stained cells following various 
treatments). This method was selected because the data are not normally 
distributed. In this method, a two-tailed probability measure was used for all the 
data analyzed; statistical significance was determined at P-value of <0.05.
4.4 Results
4.4.1 bps signal is a polar metabolite
The transient micrograft experiment showed that the bps signal exits the 
root, moves through the agarose plug, and then enters the shoot where it elicits a 
suite of responses44. Its ability to cross the aqueous agarose media strongly 
suggested it was a polar molecule. We verified the polar nature of the bps signal 
biochemically by determining how it fractionated on both normal and reverse 
phase SPE columns. C-18 is a reverse phase SPE column that contains C-18 
hydrocarbons as the sorbent material. The organic solutes are partitioned from a 
mobile phase, such as water, into a nonpolar phase C-18 sorbent. The isolation 
is by a nonpolar interaction, called Van der Walls, dispersion forces, or 
partitioning. The analytes that are most hydrophobic have the greatest tendency
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to bind to the C-18 sorbent and will be recovered in the eluate fraction80. If the 
bps signal was polar, we expected it to fail to adhere to the C-18 SPE column, 
and instead be recovered through the flow-through or waste fractions. Crude WT 
and bpsl extracts were run through a C-18 column and the flow-through and 
eluate fractions were collected. The bps signal activities of the fractions were 
analyzed using the bioassay. The results showed that the bps signal activity of 
the bpsl flow-through and control (unfractionated) bpsl extracts were 
indistinguishable (Fig. 4.2A). In addition, we found no activity in the bpsl eluate 
fraction, nor in either fraction of WT extracts (Fig. 4.2A). This result confirmed 
that the bps signal was polar.
We also confirmed the polar nature of the bps signal using a normal phase 
SPE column. ZIC-HILIC is a normal phase SPE column that contains a 
zwitterionic stationary phase (neutral molecule with a positive and a negative 
electric charge) covalently attached to porous silica. Molecules passing through 
this column are then separated based on polar interactions, such as hydrogen 
bonding, dipole-dipole interactions, and induced dipole-dipole interactions. Polar 
compounds bind to the sorbent material whereas nonpolar compounds present in 
the sample matrix do not bind to the sorbent and are obtained in the flow-through 
fraction80. If the bps signal was a polar molecule, we expected it to adhere to the 
ZIC-HILIC SPE column and to be recovered in the eluate fraction. WT and bpsl 
crude extracts were collected. The bps signal activity of the fractions was 
analyzed using the bioassay. The bioassay result indicated that the bps signal 
activity of the bpsl ZIC-HILIC eluate fraction was indistinguishable from the
63
control bps1 extracts (Fig. 4.2B). The bps signal activity of the bps1 ZIC-HILIC 
flow-through fraction was similar to that treated with WT extracts (Fig. 4.2B).
This result further confirmed that the bps signal was a polar metabolite.
4.4.2 bps signal is a positively charged metabolite
A polar molecule is any molecule that has a net dipole as a result of the 
opposing charges (i.e., having partial positive and partial negative charges). 
Polarity is created whenever two atoms share electrons and one atom pulls 
electrons closer to itself. An excellent example of a polar molecule is water. 
Oxygen wants electrons more than hydrogen so it will pull electrons closer to it, 
causing the side of the molecule with the oxygen to be more negative80. To test 
if the bps signal is a positively or negatively charged compound, we fractionated 
crude extracts using a cation exchange SPE column. Cation exchange sorbents 
are derivatized with functional groups that interact with and retain positively 
charged molecules. MCX (mixed cation exchange) sorbent is a mixed-mode, 
reversed-phase/strong cation exchange polymer. Positively charged analytes 
bind to the sorbent material and the negative charged analytes are obtained in 
the flow-through80. If the bps signal was a positively charged molecule, we 
expected it to adhere to the MCX sorbent and be recovered following MCX 
elution using a base. bps1 and WT crude extract was run onto the MCX column, 
the flow-through and the eluate fractions were collected, and the bps signal 
activity was tested. The bps1 MCX flow-through fraction had bps signal activity 
similar to that treated with WT extracts (Fig. 4.2C). The bps signal activity was 




4.4.3 Analysis of compounds detected in HPLC/MS runs
The use of SPE columns gave us several ways to enrich the bps signal, 
and these methods were used in conjunction with extracts from genotypes with 
predicted higher or lower levels of the bps signal (Chapter 3). The bioassay data 
suggested that the bps signal did not bind to the C-18 column but did bind to the 
HILIC and MCX columns. The next step was to partially purify the extracts using 
C-18 and MCX columns sequentially. The partially purified extracts were 
fractionated by HPLC using HILIC chromatography and MS identified 
metabolites. Metabolite profiles of bps1-1, bps1-2, Col, L .er, cyp79B2 cyp79B3, 
cyp79B2 cyp79B3 bps1, trp2 bps1, trp2, and trp2 and trp2 bps1 grown on Trp 
media (trp2, trp2 bps1 + Trp) were analyzed in triplicates. Crude metabolite 
extracts from these genotypes were partially purified using SPE columns, either 
C-18 or C-18 and MCX, and were run through a pHILIC analytical column. 
Positive and negative mode MS was employed to identify the compounds.
Criteria for assigning the bps signal candidate were based on the 
phenotypes and bioassay results of the genotypes in study. We expected that 
the bps1-1 and bps1-2 would have a higher level of the compound as compared 
to their respective wild types L .er and Col. We anticipated that bps cyp79B2 
cyp79B3 triple mutants would have a higher level as compared to the cyp79B2 
cyp79B3 double mutants and a similar level as compared to bps1-2. bps1-1 
MCX eluate fractions and root exudates should contain a higher amount of the 
compound as compared to L .er MCX eluate and root exudates, respectively.
trp2 bps1-2 double mutants should have a lower amount of the compound as 
compared to bps1-2 single mutant but should have a slightly higher amount than 
the controls, trp2 and Col. The compounds that match all of our criteria were 
assigned as putative bps signal candidates.
Negative mode MS detected 19 metabolites in bps1-2 and bps1-1 
samples that were altered in comparison to their respective wild types. 
Compounds that were altered by two-fold or higher were assigned as significant 
to avoid nonspecific alterations, which is common in metabolomics. Thirteen 
compounds were two-fold or higher in bps1-2 and bps1-1 as compared to Col 
and L .er, respectively (Table 4.1). If one of these was bps signal, then we 
expected that it would also be high in cyp79B2 cyp79B3 bps1 mutants as 
compared to cyp79B2 cyp79B3. All the 13 compounds were two-fold or higher in 
cyp79B2 cyp79B3 bps1 relative to cyp79B2 cyp79B3 (Table 4.1). We next 
asked, out of these 13 compounds, how many were significantly higher in bps1-1 
MCX eluate as compared to L .er MCX eluate. Nine compounds were two-fold or 
higher in bps1-1 MCX eluate as compared to L .er MCX eluate. Among nine 
compounds, three compounds were more than two-fold higher in bps1-1 root 
exudates as compared to L .er root exudates (Table 4.1). Based on the above­
mentioned analysis, three compounds were assigned as putative bps signal 
candidates.
Among three compounds, one compound was a candidate for the bps 
signal when we analyzed the data from trp2 bps1 and trp2 bps1 +Trp samples. 
The compound with m/z 316.0791 showed a trend to be higher in bps1-2 as
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compared to Col, lower in trp2 bps1 than bps1, and again higher in trp2 bps1 
+Trp samples (Fig. 4.3). trp2 mutants were used as a negative control and all 
the 12 compounds were detected at a lower level than trp2 bps1.
A total of 252 compounds were detected in the positive mode in bps1-2 
and bps1-1 samples. Among them, 155 and 174 compounds were two-fold or 
higher in bps1-1 and bps1-2 as compared to L .er and Col, respectively (Table
4.2). One hundred and twenty-eight compounds were two-fold or higher in 
cyp79B2 cyp79B3 bps1 as compared to cyp79B2 cyp79B3. Eighty-nine and 38 
compounds were significantly higher in bps1-1 MCX eluate and root exudates as 
compared to L .er MCX eluate and root exudates, respectively (Table 4.2).
When we compared all the above criteria, 11 compounds showed a two-fold or 
higher level in both bps1-1 and bps1-2 as compared to WT throughout the 
samples analyzed, hence we assigned them as potential bps signal candidates 
(Table 4.2). Among these 11 compounds, two compounds showed a trend of 
being bps signal candidates when we analyzed the data from trp2 bps1 and trp2 
bps1 +Trp samples. These compounds were higher in bps1-2 as compared to 
Col, lower in trp2 bps1 than bps1, and again higher in trp2 bps1 +Trp samples 
(Fig. 4.4).
4.4.4 bps signal activity is retained in a 30-second fraction 
of the pHILIC semipreparative column
The analysis of metabolites using the pHILIC analytical column revealed 
one and two potential bps signal candidates in negative and positive modes, 
respectively. Because these compounds probably elute from the pHILIC at
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different times, next we determined the time at which the bps single and these 
compounds elute. Finding that one compound eluted at the same time as a bps 
signal candidate would provide strong support for that compound being the bps 
signal. We fractionated the extracts using a pHILIC semipreparative column, 
then collected and tested the fractions for the bps signal activity using the 
bioassay. To test the feasibility of this approach, we first loaded the bps C-18 
flow-through onto the pHILIC semipreparative column and tested each 5-min 
fraction for activity using the bioassay. The bps signal activity was only found in 
the 10-15-min fraction (Fig. 4.5A), indicating that this approach would help us to 
narrow down the candidates for the bps signal. The same result was obtained in 
all three replicates, giving us confidence on our approach.
To obtain fractions that contained fewer compounds, we ran the same 
type of preparative column, but during the 10-15-min time period, we collected 
fractions every 30 seconds. Testing of bps signal activity using the bioassay 
revealed that the 10.5-11-min fraction contained the bps signal (Fig. 4.5B). The 
experiment was replicated for three times and the results were consistent. To 
further narrow down the compounds present in a single fraction, we added 
another purification step. The bps1 C-18 flow-through was run through the MCX 
column and the pHILIC semipreparative column was used to fractionate the MCX 
eluate. 30-second fractions were collected in between a 10-15-min time range.
By bioassay, the 10.5-11-min fraction showed the bps signal activity (Fig. 4.5C), 
suggesting that one of the compounds in this fraction was the bps signal. The 
experiment was replicated for two times and the results were consistent.
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4.4.5 Analysis of the compounds detected in 30-second 
active fraction by an alternative HILIC column
The active 30-second fraction of the bps1 most pure sample (run through 
C-18 and MCX SPE columns), obtained from the pHILIC semipreparative 
column, had in total three compounds in the positive mode and none in the 
negative mode based on two replicas. All three compounds were higher in bps1- 
1 as compared to L .er. However, these three compounds were different than 
the 11 bps signal candidates obtained from the analytical column analysis (Table 
4.3). The possibility was that fewer compounds might have been detected in the 
30-second fraction due to ion suppression. To further detect more compounds in 
the 30-second active fraction, which may not have been detected due to ion 
suppression, we employed another step of separation. The 30-second fraction 
collected from the pHILIC semipreparative column was run through a cHILIC (pH
3.2) analytical column in two replicates.
Negative mode MS detected 23 and 16 compounds in bps1-1 and L .er, 
respectively. Eleven compounds were identified in both genotypes and among 
them, three compounds were 2 fold or higher in bps1-1. Out of 23 compounds 
that were detected in bps1-1, 12 compounds were detected only in bps1-1. A 
total of 15 compounds proved to be the potential bps signal candidates (Table 
4.5).
Positive mode MS detected 308 and 141 compounds in bps1-1 and L .er, 
respectively. Thirty-six compounds were common in both the genotypes and 
among them, nine compounds proved to be the potential bps signal; they were 2
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fold or higher in bps1-1. Out of 308, 272 compounds were detected only in bps1-
1. A total of 281 compounds proved to be the potential bps signal candidates. 
Among 15 compounds in the negative mode and 281 in the positive mode, to find 
out which single compound is the bps signal, further analysis is required.
4.6 Discussion
Arabidopsis bps1 mutant roots overproduce a small metabolite, bps 
signal, which arrests shoot development and causes abnormal root development. 
The main goal of the project described here is to carry out biochemical 
characterization and to work out purification strategies for the identification of the 
bps signal. The strategy we employed was to partially purify the crude extracts 
by SPE columns, fractionate the extracts using HPLC, find out the active fraction 
by using the bioassay, and finally detect the compounds by MS.
Previous work using transient micrograft experiments revealed that the 
bps signal exits the bps1 root, enters the agarose plug and then enters the shoot. 
This result suggested that the bps signal was a polar molecule. To biochemically 
characterize the polar nature of the bps signal, we used the SPE fractionation 
method. We used two different types of SPE columns: reverse phase C-18 and 
normal phase ZIC-HILIC. The bps signal did not bind to the C-18 column but it 
did bind to ZIC-HILIC column, as revealed by the bioassay, confirming that it is a 
polar molecule. A polar molecule has a net dipole as a result of opposing 
charges. So, it is possible that the bps signal could be either a positively or 
negatively charged compound; we fractionated the bps1 extracts using mixed 
cation exchange (MCX) column. Cation exchange sorbent contains functional
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groups that interact and retain positively charged molecules. The bps signal was 
retained in the MCX column, as measured by the bioassay, suggesting that it is a 
positively charged compound. The finding that the bps signal binds to a ZIC- 
HILIC SPE column provided us a method to further fractionate the extracts by 
HPLC using HILIC chromatography. The C-18 and MCX SPE column gave us 
ways to partially purify the crude extracts and enrich the bps signal.
To identify the potential bps signal candidates, we purified the extracts 
from several genotypes that had altered numbers and levels of metabolites by 
HPLC using pHILIC analytical column. We analyzed the overall metabolite 
profiles of bps1-1, bps1-2, trp2 bpsl, and cyp79B2 cyp79B3 bpsl mutants and 
their respective wild types. We show that 19 and 252 metabolites, respectively in 
negative and positive mode, were altered in bpsl mutants as compared to the 
wild type. Further analysis of the metabolite profiles of trp2 bpsl and cyp79B2 
cyp79B3 bpsl revealed one compound in negative mode and two compounds in 
positive mode to be putative bps signal candidates. If one particular compound 
among these compounds was bps signal, we reasoned that the fraction 
containing that compound would give us bps signal activity.
We employed the pHILIC semipreparative column and collected a 5-min 
fraction. A single 10-15-min fraction gave the bps signal activity. This active 5- 
min fraction contained a lot of compounds when detected by negative mode or 
positive mode MS. It was not feasible to assign one particular compound among 
so many compounds as a potential bps signal candidate. So, to further narrow 
down and limit the numbers of compounds present in a single fraction, we
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collected 30-second fractions during a 10-15-min time period. We show that a 
single 30-second fraction, 10.5-11 min, contained the bps signal activity, 
suggesting that fraction contains the bps signal. We show that the 30-second 
active fraction contained a total of three compounds in positive mode MS and 
none in negative mode MS. But these three compounds, detected by positive 
mode MS, were different compounds than the two potential bps signal 
candidates that were revealed by the pHILIC analytical column analysis. The 
possibility was that fewer compounds might have been detected in the 30-second 
active fraction due to ion suppression. To further detect more compounds in the 
30-second active fraction, we employed another step of separation. Using a 
cHILIC analytical column, we show that the 30-second active fraction contained 
23 compounds when detected by negative mode MS and 308 compounds when 
detected by positive mode; 281 compounds proved to be potential bps signal 
candidates. Further analysis is required to find one particular compound that will 
give bps signal activity. The cHILIC preparative column could be used to 
fractionate the 30-second active fraction. The fractions collected from the cHILIC 
preparative column could be tested for the bps signal activity, and we can narrow 








Agarose plug supplied 
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Figure 4.1: Flow chart of experimental procedures. Metabolites 
were extracted from several genotypes, partially purified using several 
SPE columns, and finally run onto HPLC-MS.
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Figure 4.2: Biochemical characterization of bps signal using SPE columns.
Box-plot show numbers of pCYCB1;1::GUS-stained cells in the wild type (WT) 
root meristem (RM). Boxes delineate the data points falling between 25% and 
75%, the line bisecting the box shows the median, and the whiskers indicate the 
highest and lowest data point. WT seedlings were treated with WT (L .er) and 
bps1-1 extracts run through the C-18 column (A), Zic-HILIC SPE column (B), and 
MCX SPE column (C). * Indicate statistically significant (Mann-Whitney U-test, 
p< 0.05).
Table 4.1: Fold change of compounds that were detected by MS using negative mode.
Listed are the compounds that were altered between bpsl and WT based on biological triplicates. 
Highlighted in green are compounds that meet the criteria of being the bps signal.
bps1-2 /  Col 
(C-18 flow-throuqh)
bps1-1 / L .er 
(C-18 flow-throuqh)
cyp79B2 cyp79B3 b p s l/  
cyp79B2 cyp79B3 
(C-18 flow-throuqh)
bps1-1 /  L er 
(MCX eluate)
bps1-1 /  L .er 
(Root exudates)
RT m/z FC FC FC FC FC
9.170 259.0698 10.970 3.611 6.740 17.985 ND
10.660 466.1361 17.638 19.508 16.423 11.967 ND
10.690 286.0713 4.443 5.067 13.541 82.199 70.792
10.690 594.1225 474832.177 292127.489 202432.195 936.136 ND
10.690 368.1134 0.076 0.107 0.088 0.047 0.271
10.770 164.0689 0.281 0.383 0.468 1.397 0.034
11.120 211.0521 3.140 2.115 3.670 ND 8.255
11.250 138.0322 628.191 362.052 415.375 64.450 2.046
11.250 94.0423 985.239 140.973 129.144 130.397 1.043
11.260 600.1742 21645.674 471711.110 146377.664 18.727 ND
11.269 186.0302 11.045 6.421 5.031 ND ND
11.460 956.1463 213.777 6527.986 40.333 ND ND
11.560 210.0739 2.038 1.711 2.660 0.561 ND
11.600 316.0791 347.621 119.163 91.342 17326.557 207.318
11.710 166.0487 2.844 2.576 2.812 1.401 0.447
11.860 163.0304 89.585 137.364 11.895 15247.597 ND
12.220 168.029 0.104 0.211 0.248 0.030 ND
12.310 680.1719 0.075 0.046 0.122 0.009 ND
12.550 340.0919 0.644 0.281 0.555 1.788 ND
RT = Retention time 
FC = Fold Change 
ND = Not detected
cn
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Figure 4.3: Quantification of three bps signal candidates obtained from 
negative mode analysis in trp2 bpsl mutants. Depicted here is the peak 
analysis of metabolites from trp2 bps1 seedlings grown on Trp media. Col, bps1- 
2, trp2, trp2 bps1, and trp2+Trp serve as controls. If one of the compounds was 
the bps signal, we predicted that the compound was significantly high in bps1-2, 
low in bps1 trp2 as compared to bps1, and when bps1 trp2 seedlings were 
supplied with exogenous Trp, the level of the compound was increased.
* Indicates that the compound matched our criteria of being the bps signal.
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Table 4.2: Analysis of the number of compounds that were considered 
significantly up-regulated. Compounds in C-18 flow-through, MCX eluate, or 
root exudates were separated using pHILIC analytical column and were detected 
by positive mode MS. The total compounds detected, and the number of 
compounds that were two-fold or higher in mutants as compared to their 
respective wild types based on biological triplicates, is indicated.
Genotypes No. of compounds 
(2 fold or higher) Total compounds
bps1-1 / L .er 
(C-18 flowthrough) 155
252
bps1-2 / Col 
(C-18 flowthrough)
174 252




bps1-1 / L .er 
(MCX eluate) 89
252




throughout all the samples 11 252
Table 4.3: Fold change analysis of potential bps signal candidates that 
were obtained from positive mode MS. Listed are the compounds that meet 
all the criteria of being the bps signal based on biological triplicates.
bps1-2 /  Col 
(C-18 flow-throuqh)
bps1-1 /L  .er 
(C-18 flow-throuqh)
cyp79B2 cyp79B3 b p s l/  
cyp79B2 cyp79B3 
(C-18 flow-throuqh)
bps1-1 /  L .er 
(C-18+MCX)
bps1-1 /  L .er
(Root exudates) 
Crude
RT m/z FC FC FC FC FC
6.669 388.1612 7.784 28.758 22.954 3.132 4.647
9.065 77.0393 4.878 2.737 3.138 3.189 2.833
9.114 120.0832 4.862 3.429 4.089 4.604 3.512
9.215 177.0563 7.440 2.553 10.018 3.719 24.665
10.387 284.1003 2.488 4.450 3.807 4.528 25.159
10.768 411.1291 4.539 6.381 5.256 2.632 3.445
11.151 256.0854 31.860 13.447 7.448 62.943 3.681
11.180 308.1352 142.586 107.803 39.103 5.135 28.423
11.254 339.051 374.097 127.671 137.539 32.112 27.443
11.268 323.0747 246.582 134.144 74.192 26.656 2395.727
13.547 313.0797 11.054 12.059 4.366 229.247 55.608
RT = Retention time 
FC = Fold Change
oo
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Figure 4.4: Quantification of 11 bps signal candidates obtained from 
positive mode MS in bpsl trp2 mutants. Depicted here is the peak analysis of 
metabolites from trp2 bps1 seedlings grown on Trp media. Col, bps1-2, trp2, 
trp2 bps1, and trp2+Trp serve as controls. If one of the compounds was the bps 
signal, we predicted that the compound was significantly high in bps1-2, low in 
bps1 trp2 as compared to bps1, and when bps1 trp2 seedlings were supplied 
with exogenous Trp, the level of the compound was increased. * Indicates that 
the compounds meet the criteria for being the bps signal.
80
Figure 4.5: Test of the bps signal activity of fractions from the pHILIC 
semipreparative column. Crude extract was run through a C-18 SPE column, 
the flow-through was run onto a pHILIC semipreparative column, and the activity 
of 5-min fractions (A) and 30-second fractions (B) were tested. (C) Crude extract 
was run through a C-18 SPE column and the flow-through was run through a 
MCX SPE column. The eluate fraction was run onto the pHILIC semi preparative 
column and the bps signal activity of each 30-second fraction was tested. * 
Indicates statically significant (Mann- Whitney U-test, p< 0.05).
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Table 4.4: Compounds detected by positive mode MS in the bpsl 30- 
second active fraction. A total of three compounds were detected in the active 
30-second bpsl fraction obtained from the pHILIC semipreparative column. All 







10.434 229.1547 ND 245022
10.667 233.1241 252573 466534
11.045 144.0658 ND 769011
ND = Not detected
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Table 4.5: Analysis of the number of compounds present in the active 30- 
second fraction. The active 30-second fraction obtained from pHILIC semi­
preparative column was run through a cHILIC analytical column and the 
compounds were detected by both positive and negative mode MS.
Negative mode Positive mode
bps1-1 L .er bps1-1 L .er
Total compounds detected 23 16 308 141
Compounds detected only in b p s l 12 272
Compounds detected only in L .er 5 105
Compounds detected in both 11 11 36 36
Compounds that are 2 fold or higher in b p s l 3 9
Total number of potential bps signal candidates 15 281
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